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ABSTRACT 
 
Synthesis and Characterizations of Pb-modified CdSe Aqueous Quantum Dots and 
Their Applications in Quantum Dot-Sensitized Solar Cells 
Cheng-Hsin Lu 
Advisors: Dr. Wei-Heng Shih and Dr. Wan Y. Shih 
 
Quantum Dots (QDs) are semiconductor nanocrystals with typical size ranges 
around 1-20 nm. They exhibit distinctive size-dependent photoluminescence (PL) 
properties due to the quantum confinement effect. QDs have great potentials in 
display, lighting, lasing, bioimaging, fluorescent label, sensor, photodetector, and 
photovoltaic applications, and have been widely studied in the past decades.  
Cadmium selenide (CdSe) QDs have been synthesized using an 
environmentally friendly, aqueous method under low temperature. While traditional 
QDs synthesized by hot injection method using organic solvent generally exhibit 
edge-state emission with narrow peaks, aqueous quantum dots (AQDs) tend to have 
trap-state emissions with broad peaks.  
The objective of this thesis is to investigate how Pb modifications in CdSe 
AQDs synthesis can affect the optoelectronic properties of the QDs and how these 
modifications affect their corresponding photovoltaic performance in quantum dot-
sensitized solar cell (QDSSC) applications.  
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Lead (Pb) precursor has been introduced either during the synthesis or after 
the synthesis of CdSe AQDs forming either Pb-doped or Pb-coated CdSe QDs, 
respectively. Pb-doped CdSe QDs exhibit red-shift in both absorption and emission 
spectra while Pb-coated CdSe QDs exhibit blue-shift in both absorption and emission 
spectra along with the generation of more surface defects. Although blue-shifted 
absorption indicating a narrower absorption range and the surface defects providing 
undesired recombination pathways are detrimental to solar cell performance, however 
surprisingly, we found that QDSSCs made from Pb-coated CdSe QDs actually had 
better solar cell performance than that made from Pb-doped CdSe QDs. We attributed 
this finding to a protection/passivation layer formed in-situ when the coated Pb react 
with the iodide/triiodide electrolyte during solar cell operation resulting in QDSSCs 
with better charge injection and stability.  
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1: Motivation and Goal 
 
Quantum dots (QDs) are semiconductor nanocrystals (NCs) that offer very 
unique size-dependent optoelectronic properties different from bulk materials due to 
the quantum confinement effect. [1] The unique optoelectronic properties of QDs 
make them good candidates in a variety of applications including biological labeling, 
[2, 3] photodetectors, [4, 5] lasers, [6] and light-emitting diodes (LEDs). [7] The 
potentials of utilizing multiple exciton generation (MEG) effect [8, 9, 10] and hot 
electron transfer [11] makes QDs an emerging field in photovoltaic (PV) device 
applications. [12] 
 “The commercialization of quantum dots using kilogram quantity mass 
production is a game-changer. High quality, high quantity and lowest price quantum 
dots increase product quality in every industry,” according to Susan Eustis, the CEO 
and co-founder of WinterGreen Research. [13] There are currently several QD-based 
commercial products exist in the market, including lighting, display, and camera 
sensor, etc. QD-assisted white light LED lamp (Quantum Light™) has been 
commercialized by QD Vision, a company founded by professors Vladimir Bulovic 
and Moungi Bawendi from Massachusetts Institute of Technology (MIT). [14] QD-
enhanced backlight display (Quantum Dot Enhancement Film (QDEF™)) has been 
commercialized by Nanosys, a company founded by professor Paul Alivisatos from 
University of California (UC) Berkeley. [15] QD-based camera sensor chip 
(QuantumCinema™) has been commercialized by InVisage, a company founded by 
professor Ted Sargent from University of Toronto. [16] QD market research report 
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has forecasted that TV display technology and solar markets are anticipated to reach 
over $1 billion per year in revenue by 2021. [17] Once high quality, high quantity 
QDs can be achieved and incorporated into the products by manufacturers with a 
reasonable price, vendors will need to follow this unstoppable trend or will 
dramatically lose their market share. 
There will be an increased demand for energy over the globe as human 
population continues to grow rapidly. Currently more than 80% of the energy demand 
over the world is met by burning nonrenewable fossil fuels (coal 28.9%, oil 31.1%, 
and natural gas 21.4% at the year of 2013). [18] Major disadvantages to fossil fuels 
include: they are nonrenewable and will eventually run out, as well as the CO2 
produced during fossil fuels combustion will result in greenhouse effect and have 
strong negatively impact on the environment. Therefore seeking alternative sources of 
energy, such as nuclear, biomass, hydropower, geothermal, wind, and solar, is 
important. Among all these alternative energies, solar power is renewable, abundant, 
safe, and clean. The United States (U.S.) alone installed approximately 918 
megawatts (MW) of PV capacity in 2010, almost double from the 477 MW installed 
in 2009, and brought U.S. cumulative installed PV capacity to 2.5 gigawatts (GW). 
[19] It was predicted by a solar industry analyst firm that the global cumulative 
installed solar PV capacity will increase to 696 GW in 2020. [20]  
From Figure 1.1, [21] we can see that the best efficiencies to-date is of 
multijunction cells or concentrated cells (purple lines). While on the other hand, 
commercial cells and research cells generally follow the trend that the first generation 
traditional silicon (Si)-based cells (blue lines) are better than the second generation 
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thin film cells (green lines, including copper indium gallium sulfide/selenide (CIGS) 
or cadmium telluride (CdTe) cells), and the third generation emerging cells (red lines, 
including perovskites, organics, quantum dots, and dye-sensitized solar cells) exhibit 
the lowest efficiencies but with greatest potential due to their lower manufacturing 
cost results from solution processing. Solution processed cells are attractive for their 
potential in mass production of large area cost effective cells. Efficiency versus cost 
for the three generations of solar cells can be seen in Figure 1.2. [22, 23] First 
generation Si-based cells have the highest unit cost of USD 1.00-3.50 per watt while 
second generation thin film cells have lower cost of USD 0.50-1.00 per watt but with 
lower efficiencies. Third generation advanced cells are predicted to have even lower 
unit cost of USD 0.20-0.50 per watt with potentially much higher efficiencies. One 
thing worth noting is that the current champion research cell of perovskite cells (red 
hollow circle filled with solid yellow in Figure 1.1) already have efficiencies 
comparable with first and second generation cells even though they are suffering from 
stability issue. Within six years, the efficiencies of quantum dot cells (red hollow 
diamond in Figure 1.1) have been improved from below 5% to above 10%, 
demonstrating its promising future. 
Solution processable QD solar cells have attracted significant attention 
recently due to the potentially lower manufacturing costs. QDs offer some unique 
photoelectronic properties making them good candidates for PV device applications. 
First of all, the quantum confinement effect offer tunable band gaps that the 
absorption range can be tuned by the size of QDs and therefore solar cells made from 
QDs can harvest full solar spectra if combining QDs of different band gaps (so-called 
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rainbow cells or tandem cells). [24, 25] Multiple exciton generation (MEG) effect 
allows the absorption of a single photon leading to the excitation of multiple electrons 
from valence band to conduction band in QD systems. [26, 27] The capability of hot 
electron transfer from QD to TiO2 can reduce the overall heat loss in conventional 
solar cells due to carrier relaxation via phonon emission. [11] These unique properties 
of QDs can potentially increase the maximum attainable solar photon conversion 
efficiency up to ~66%. [28] Scientists have studied that the optimal band gap of a 
single-junction cell is about 1.13 eV, corresponding to a wavelength of ~1100 nm 
(which is roughly in the near-infrared (NIR) range), for unconcentrated sunlight (1 
sun). Silicon with a band gap of 1.11 eV seems to be an excellent choice from the 
stand point of band gap, however, silicon has indirect band gap transitions therefore 
the solar cell performances are not as good as expected. [29] 
Though QD solar cells have promising potentials, several issues need to be 
addressed in order to make their efficiencies comparable with other first or second 
generation solar cells. Light harvesting and charge transport are two major challenges 
that most scientists encounter while doing QD solar cell research, and they are all 
related to QD synthesis and processing. Light harvesting range can be broaden via 
QD band gap tuning, while charge transport between QDs and other interfaces can be 
improved via QD surface engineering. The objective of this thesis is to investigate 
how modifications in QD synthesis can affect the optical properties of the final QDs 
and how these modifications affect the final photovoltaic performance in quantum 
dot-sensitized solar cell (QDSSC) applications. CdSe colloidal QDs have been widely 
studied for more than two decades. [30] However they are usually made with organic 
5 
 
solvents under high temperature, which is energy-consuming and not environmentally 
friendly. Our lab has patented an environmentally friendly way to synthesize QDs in 
water under low temperature and studied their applications in biomedical imaging. 
[31, 32, 33] In this thesis, we focused on how Pb modifications in CdSe aqueous 
quantum dots (AQDs) synthesis can affect the optical properties of the QDs and how 
these modifications affect their corresponding photovoltaic performance in quantum 
dot-sensitized solar cell (QDSSC) applications. 
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Figure 1.2: Efficiency and cost projections for first (I), second (II), and third (III) 
generation PV technologies (Si-based, thin films, and advanced thin films, 
respectively). The dashed diagonal lines are loci of constant cost per unit power, 
measured in dollars per peak watts. The tinted areas between 31-41% representing the 
single band gap Shockley-Queisser limit and between 67-87% representing the 
thermodynamic limit, under 1 Sun and above (concentrated sunlight). (Image 
reprinted from ref [22]) 
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2: Introduction and Background 
 
2.1 Quantum dots and photoluminescence properties 
Quantum dots (QDs) are nano-scale semiconductor crystalline particles 
consisting of only hundreds or thousands of atoms [34] with high surface to volume 
ratio compared to bulk materials (Table 2.1). [35, 36] Some common semiconductor 
nanocrystals (NCs) that have been synthesized as QDs including: IV group (C, Si, 
Ge), II-VI group (CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe), III-V group (GaN, GaP, 
GaAs, InN, InP, InAs), and IV-VI group (PbS, PbSe, PbTe). They tend to have 
different crystalline structures and band gaps (Table 2.2). [37, 38] Besides these 
single element and binary compound QDs, ternary QDs contain three elements with 
either two cations or two anions (such as InGaAs or ZnSeTe, etc.) have also been 
reported. [39] Semiconductor NCs have very unique optical properties. A typical 
absorption and emission spectra has been shown in Figure 2.1a. [40] Energy band gap 
(Eg) is the energy difference between the valence band (VB) and conduction band 
(CB) of the semiconductor. The valence band is occupied with electrons while the 
conduction band is unoccupied. An electron can be excited from the VB to CB by 
promoting with external energy (e.g. the absorption of a photon with energy equal to 
or higher than the semiconductor band gap). Once the electron is excited by the 
external photon and “jump” from VB to CB, the negatively charged electron in the 
CB will attract the positively charged hole that is left behind in the VB. This 
Coulombic attraction would form a bound state of electron-hole pair called "exciton" 
[41]. The electron and hole of an exciton tend to recombine and release the energy 
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again. The exciton recombination process may be either radiative (i.e. emit as light) 
or nonradiative (i.e. dissipate as heat), or a combination of both and therefore the 
emitted light usually has a smaller energy than the absorbed light. The energy 
difference (∆E) between the maxima absorption and emission bands is called Stokes 
shift. The phenomenon of light emission after the absorption of photons is called 
photoluminescence (PL) (Figure 2.1b).  
Due to the nature of high surface to volume ratio of QDs, they tend to have 
surface defects which can trap the electrons and act as recombination centers. The 
surface defects are usually mid-gap recombination states with a wide range of 
distribution (shallow traps or deep traps), which means the emitted light has a smaller 
energy than the absorbed light (large Stokes shift) with a wide distribution of energy 
resulting in a broad trap-state emission (the blue broad peak in Figure 2.1a). If the QD 
surface is passivated without any defects, the energy of the emitted light should be 
similar to the absorbed light (small Stokes shift) and with narrow energy distribution 
called band-edge emission or edge-state emission (the blue narrow peak in Figure 
2.1a). The wavy signature in the absorption sepctrum is due to exciton peaks which 
correspond to different electronic transition states (e.g. 1Sh-1Se, 1Ph-1Pe, 1Dh-1De etc., 
where e denotes the electron and h denotes the hole, and S, P, D denote the electron 
orbitals) as represented in Figure 2.2. [42] Note that this is just a simplified model, in 
reality, the VB has additional structures. There is strong spin-orbit coupling in VB 
which creates a split off band by separating the Sh and Ph into S3/2, S1/2 and P3/2, P1/2 
bands (the subscript refers to the total spin-orbit angular momentum J=L+S, where 
orbital angular momentum L=1 and spin angular momentum S=±1/2). From the 
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effective mass of a hole in each band, the VB degeneracy J=3/2 and J=1/2 can be 
called heavy-hole (hh) and light-hole (lh) bands, respectively. [43] 
 
 
 
 
Table 2.1: The relationship between the total number of atoms in full-shell clusters and 
the percentage of surface atoms, an idealized representation of hexagonal close packed 
full-shell “magic number” clusters. (Table reprinted from ref [35]) 
Table 2.2: Properties and applications of some common semiconductors. (Table 
reprinted from ref [37]) 
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(a) (b) 
Figure 2.1: (a) A typical absorption (red curve, left Y-axis) and emission (blue curve, 
right Y-axis) spectrum of quantum dot, where the peaks in absorption correspond to 
specific excitonic transitions and the peaks in emission correspond to band-edge and 
trap-state emissions. (b) Schematics of the photoluminescence mechanisms of band-
edge emission and trap-state emission, where wavy arrows denote the absorbed or 
emitted lights and solid arrows denote the excitation or relaxation of electrons. 
(Images adapted from [40]) 
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2.2 Quantum confinement effect 
QDs have physical limits intermediate between molecules and bulk solides. 
The most unique property of QDs is that one is able to tune the absorption and 
emission spectra across a wide range of wavelength by simply changing the particle 
size, which is called quantum size effect or quantum conifinement effect (Figure 2.3 
[44]). The band gap of the QD is related to their size: when tuning the size bigger, the 
band gap would become smaller (emission wavelength red-shfit); while tuning the 
size smaller, the band gap would become bigger (emission wavelength blue-shift). 
Quantum confinement effect is a spatial confinement phenomenon of excitons that is 
specifically seen in semiconductor NCs but not in bulk materials, and is related to 
Figure 2.2: (a) The three lowest electron (Ee) and hole (Eh) energy levels in a 
quantum dot semiconductor nanocrystal. The corresponding wavefunctions are 
represented by the dashed lines. Allowed optical transitions are given by the arrows. 
(b) Assignment of the transitions in the absorption spectrum. (Images reprinted from 
ref [42]) 
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how the size of the dot (radius R) compared to its exciton Bohr radius (aex). When 
R >> aex, the confinement effect is generally not important; when R > aex, it’s in a 
weak confinement regime; while if R < aex, it’s in a strong confinement regime. The 
exciton Bohr radius represents the natural length scale of the electron and hole in the 
material and can be expressed as: [45] 
 
 
Where a0 is the Bohr radius (i.e. the most probable distance between the 
proton and electron in a hydrogen atom in its ground state = 0.53Å), m* is the 
reduced effective mass of the material (1/m*=1/me* + 1/mh*), me is the electron rest 
mass, ℏ is the reduced Planck's constant, e is the elementary charge, me* and mh* are 
the effective mass of excited electron and electron hole of the material, εr and ε0 are 
the relative permittivity of the material and the permittivity of free space. The exciton 
Bohr radius (aex) varies with different semiconductor materials. It is worth noting that 
aex and the band gap (Eg) are correlated, materials with narrower Eg have larger aex 
(e.g., PbSe has Eg= 0.26 eV with aex= 46 nm, CdSe has Eg= 1.75 eV with aex= 4.9 nm, 
and ZnS has Eg= 3.7 eV with aex= 1.5 nm). [46] When in a strong confinement 
regime, the energy levels are discrete (or so-called quantized) and can be explained 
using the particle in a box or particle in a sphere model. The relation between the 
quantum dot energy and the bulk energy can be expressed by Brus equation: [45, 47] 
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where Egdot and Egbulk denote the band gap energy of the quantum dot and bulk 
material, h denotes the Planck’s constant, R denotes the radius of the quantum dot. 
The second term on the right hand side of the equation is the additional kinetic energy 
due to quantum confinement, and the third term is related to the binding energy 
(Coulomb attraction) of the exciton, which are modified from the bulk case by the 
size of the dot with R-2 and R-1 dependence, respectively. Scientists have tried to 
estimate the QD size using their optical properties either by emission wavelength or 
absorption wavelength. Chukwuocha et al. [48] proposed to use Brus equation to 
estimate the QD size by replacing the Egdot in equation (2.2) with the emission energy 
(∆E(R)) of the QD and omitting the third modified term. Yu et al. [49] proposed to 
use the wavelength of the first excitonic absorption peak of the sample to estimate the 
QD size. However Yu’s method is obtained from empirical fitting and the model is 
different from material to material. The best way to obtain QD size is still by 
transmission electron microscopy (TEM) observation, because the shape of QDs 
varies from case to case while all these models were obtained from assuming 
spherical dots. The geometries of QDs affect the spatial confinement results a lot 
(Figure 2.4). [50] 
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Figure 2.4: Illustration of the effect of spatial confinement of electrons with reduced 
dimensionality from 3D (bulk), 2D (quantum well), 1D (quantum wire), to 0D 
(quantum dot) on the electronic density of states (DOS). (Images adapted from [50]) 
Figure 2.3: Illustration of quantum confinement effect: progressive color changes of 
the photoluminescence (PL, left figure) spectra and band gaps (Eg, right figure) with 
the increasing quantum dot size. CB, VB, Abs, and Em denote conduction band, 
valence band, absorption, and emission, respectively. (Images reprinted from ref [44]) 
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2.3 Quantum dots synthesis and modifications 
Metal chalcogenide ME compound QDs (where M=Cd, Pb, or Zn; and E= S, 
Se, or Te) have been intensely studied after the hot injection synthesis method was 
introduced in 1993. [30, 51] Among these semiconductor NCs, CdSe QDs have been 
intensively studied and the well-developed synthesis routes can produce stable high 
quality mono-dispersed colloidal suspensions with bright fluorescence in visible 
region. General QD synthesis procedure is by rapid injection of metal-organic 
precursors into a vigorously stirred flask containing hot (~150-350ºC) coordinating 
solvent such as long-chain alkylphosphines to trigger the nucleation (Figure 2.5a). [51] 
The nucleation and growth of the monodisperse colloidal QDs (CQDs) follows La 
Mer model that a nucleation phase happens when rapid addition of reagents and 
followed by a growth phase called Ostwald ripening that small NCs tend to dissolve 
and redeposite on larger NCs. The average NC size increases over time while the over 
all NC number decreases (Figure 2.5b). [51] The nucleation and growth of CQDs can 
be controlled by the precursor concentrations, temperature, and time during synthesis 
process. The desired size of QDs can be obtained by quenching the hot solution in 
low temperature by removing aliquots from the hot reaction vessel. There are two 
important properties for CQDs: one is their photoluminescence (PL) intensity (or 
quantum yield, i.e. the ratio of photons emitted over photons absorbed), and another 
is their stability over time. It has been found that QDs without a shell layer have poor 
quantum yields and stability. [38] QD modification by employing shell materials 
surrounding the QD core can suppress the exciton leakage (non-radiative decay) 
results in improvement in PL and stability. However it is also found that if the shell 
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layer is too thick, it can accumulate structural defects and lead to lower PL. Therefore 
the shell thickness for core/shell nanocrystals must be well controlled. Besdies 
growing a shell layer on the surface of QDs, another way to modify QDs is by doping 
the QDs with other element. Controlling the QD composition by adjusting the 
constituent stoichiometries of the alloyed semiconductors is another way of band gap 
engineering besides tuning the size of QDs. Some other advantages about alloying 
QDs have been proposed besides tuning the band gaps include: improving the 
chemical stability and reducing the density of trapping defects due to the hardening of 
lattice structure thus decreasing the atomic intradiffusion and lowering the dislocation 
densities. [52, 53, 54] Just like in core/shell QDs a delicate control of shell thickness 
is needed to get the desired properties, the doping of QDs is not straight forward 
either (Figure 2.6 [55]). The actual doping ratio is usually lower than their theoretical 
solid solubility limit. The solid solubility limit is a thermodynamic limit determined 
by the Gibbs free energy (approximately the impurity formation energy) and the 
growth temperature. [56] Some scientists claimed that the low doping ratio is because 
there is a "self-purification" process that will expel the impurities to the surface, 
because the distance that the defect must move to be ejected from the surface is much 
smaller in NCs than in bulk materials. [57] However some other scientists argued that 
the diffusion length of impurities in crystals is only several Å and therefore the "self-
purification" is likely not the case why certain element is difficult to dope. [56] They 
think the doping is more likely relying on the initial adsorption of impurities on the 
nanocrystal surface. They claimed that whether QD doping is successful or not has 
nothing to do with impurity diffusion within NCs but relies on a model of kinetics 
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that only impurities remain adsorbed on the surface for a time comparable to the 
reciprocal growth rate of NC are able to be incorporated into the NC. The binding 
energy of an impurity adsorbed on a given facet of NC determines its residence time. 
[56] Figure 2.7 shows the three possible structures after QD modifications: (a) a 
homogeneous alloyed QD, (b) a gradient alloyed QD, and (c) a core-shell structure 
QD. [53] 
 
 
 
Figure 2.5: (a) Schematic of the simple synthetic apparatus employed in the 
preparation of monodisperse QD samples. (b) Schematic of the stages of nucleation 
and growth for the preparation of monodisperse QDs in the framework of the La Mer 
model. (Images reprinted from ref [51]) 
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Figure 2.6: Schematic and characteristics of three models used to explain doping in 
semiconductor nanocrystals. (A) Turnbull model, in which the number of impurities 
per nanocrystal decreases with crystallite size based solely on statistics. (B) Self-
purification model, in which dopant solubility is lower in the nanocrystal than in the 
bulk semiconductor because impurities are expelled. (C) Trapped dopant model, in 
which kinetic factors govern the doping process. Note that the reference numbers in 
the figure is the references of the literature not the reference numbers of this thesis. 
(Images reprinted from ref [55]) 
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2.4 Quantum dot-sensitized solar cells 
Several architecture designs of QD photovoltaic cells have been studied in the 
past decades, for example: (a) Schottky cell contains a QD layer with direct contact 
with metal electrode, [58] (b) depleted heterojunction cell contains a junction of a 
dense layer of metal oxide contacting a dense layer of QD, [59] and (c) QD-sensitized 
cell contains a mesoporous metal oxide layer sensitized by a thin layer of CQD. [60] 
The three different types of QD photovoltaic architectures and their energy diagram 
with electron transport mechanism are shown in Figure 2.8. [61] In 1991, O'Regan 
and Gratzel pioneered the dye sensitized solar cells (DSSCs), [62] which opened a 
path to cost-effective solar cells. DSSCs consist of transparent conducting oxide 
(TCO) electrodes, a mesoporous electron transporting layer (typically TiO2), light-
absorbing dye sensitizers (on the surface of TiO2), and either liquid or solid 
electrolyte (as hole conductor, typically I-/I3-) to complete the circuit. In recent years, 
the organic dye in DSSCs was replaced with inorganic semiconducting QDs (Figure 
2.9 [63]), resulting in quantum dot-sensitized solar cells (QDSSCs). Inorganic 
Figure 2.7: Schematic representation of spherical nanocrystals after QD modification 
showing (a) a homogeneous alloyed QD, (b) a gradient alloyed QD, and (c) a core-
shell structure QD using ZnCdSe and CdSe/ZnSe as examples. (Images reprinted 
from ref [53]) 
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semiconducting QDs are excited by photons and generate electron-hole pairs. The 
excited electron then injects from the conduction band of QD to the TiO2, and the 
remaing electron hole in the valence band is then replenished by the electrolyte. 
Compared to organic dye molecules, using inorganic QDs as light absorber in solar 
cells have the advantages of tunable band gaps by size control, [24] higher extinction 
coefficients, [49] higher photochemical stability, [64] large intrinsic dipole moment 
which leads to fast charge separation, [65] and the potential of utilizing multiple 
exciton generation (MEG) effect [9] and hot electron transfer. [11] There are several 
factors that can affect the performance of QDSSCs including: (1) light absorption, (2) 
charge transport, and (3) stability in the environment. Most of these factors can be 
affected by controlling the incorporated QDs. For example, the light absorption 
wavelength range can be controlled by the absorption edge of QDs and the amount of 
light absorbed can be controlled by the loading of QDs on TiO2 surface. The charge 
transport depends on the charge separation at the interface between the semiconductor 
and the sensitizer and can be controlled by the band alignment between TiO2 and QDs. 
And finally the photochemical stability of the cells depends on the stability of QDs 
under working condition. Some recent QDSSCs performances are summarized in 
Table 2.3. [66]  
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Figure 2.8: Comparison of three QD photovoltaic architectures: (a) The Schottky 
design has lower FF and Voc due to the poor barrier for hole-injection into the 
electron-extracting metal contact. (b) The depleted heterojunction design combines the 
advantages of the other two cell architectures, leading to simultaneously maximized 
FF, Voc, and Jsc. (c) The QD-sensitized cell employs a thin layer of absorber on a high 
surface area metal oxide electrode. The thin CQD layer results in lower light 
absorbing capacity leading to poor Jsc, while it provides good FF and Voc. (The 
definitions of Voc, Jsc, and FF will be mentioned in later chapter) EF,n and EF,p are the 
electron and hole quasi-Fermi levels; Ec and Ev are the conduction and valence band 
edges; Jp,PV and Jn,PV are the hole and electron photocurrents; Jp,fwd is the hole current 
in the forward bias direction. (Images reprinted from ref [61]) 
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Figure 2.9: Schematic of the operation principle of quantum dot sensitized solar cell 
(QDSSC). CdSe quantum dots are excited by light and generate electron and hole 
pairs. Electrons inject from excited CdSe quantum dots into the conduction band of 
TiO2 nanoparticles, and the holes are scavenged by the redox electrolyte and ensure 
the regeneration of CdSe. (Image reprinted from ref [63]) 
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Table 2.3: Photovoltaic efficiencies (η) of recent QDSSCs sensitized with different 
QDs and combined with different wide band gap semiconductors as well as conunter 
electrode (CE) materials. Note that the reference numbers in the table is the 
references of the literature not the reference numbers of this thesis. (Table reprinted 
from ref [66] 
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2.5 Challenges of quantum dot-sensitized solar cells  
There are several challenges that are facing the QDSSC: (1) how to increase 
light absorption, (2) how to improve charge transfer between QD and TiO2, and (3) 
how to increase the stability of QDSSC. Most of these challenges are related to the 
QDs. Solar spectral power distribution covers the visible (VIS), near infrared (NIR), 
and short-wave infrared (SWIR). While molecular dyes can only absorb light photons 
with energy corresponding to their band gap, semiconductor QD materials can absorb 
all photons with energies equal to or higher than their band gaps. In order to 
efficiently harvest the full spectrum of solar power, ideally QDs with band gap in the 
infrared (IR) range allow wide absorption spectrum ranges. However there is a trade-
off between voltage and current in QDSSCs related to the band alignment between 
the conduction band of QDs and TiO2. Small band gap QDs absorb more light and 
produce large current but at the cost of a low voltage, while large band gap QDs can 
produce high voltage but generate low current due to limited absorption. Analysis has 
shown that QDs with band gap in the NIR range of 1.1–1.4 eV is optimal to yield the 
best power conversion efficiency (PCE) in a single-junction solar cell. [67] Besides 
broadening the absorption range by using suitable band gap materials, reducing 
charge transfer resistance is another way to improve solar cell efficiency. Electron 
transfer rate from QDs to TiO2 nanoparticles will increase with shorter linker 
molecule chain length. [68] Shorter linkers like 3-mercaptopropionic acid (MPA) and 
cysteine were found to be good for charge transfer. [69, 70] The enhancement 
observed is due to an increasingly intimate contact between the QD and TiO2. Even 
26 
 
linker-less attachment results in contact that may be hindered by an energetic barrier. 
[71] Therefore it is important to reduce the series resistance by decreasing the energy 
barrier at the interface. Although QDs seem to have many advantages over organic 
dyes, the efficiencies of QDSSCs are relatively lower than that of QDSSCs. [21] 
Scientists have attributed the low QDSSC efficiencies to the surface trap states of 
QDs [72] which possibly introduce potential recombination pathways (Figure 2.10 
[73]). Blocking trap states by coating anodes with a thin layer of wide band gap 
material such as ZnS [74] have led to an enhancement of solar cell performance. 
Meanwhile the stability of QDs in electrolyte is another issue in QDSSCs. Liquid 
iodide/triiodide (I-/I3-) electrolyte, which has been widely used in DSSCs, is found to 
be corrosive to metal chalcogenide QDs due to the surface traps of QDs. [72] A 
coating of large band gap material such as ZnS [75] or amorphous-TiO2 [76] is 
needed for enhancing the stability and performance of QDSSCs. A recent finding 
shows that a coating of PbI2 may serve the same purpose. [77] 
27 
 
 
 
 
2.6 Deposition routes for quantum dot light absorbers 
Due to the mesoporous nature of TiO2 layer, how to improve the QD loading 
on TiO2 surface is one major issue. There are two major routes for QD deposition, 
either direct growth (i.e. in situ growth of QDs in TiO2 mesoporous film) or post-
synthesis assembly (i.e. ex situ growth of CQDs in advance, then infiltrate them into 
TiO2 mesoporous film). The direct growth deposition route mainly refers to (1) 
successive ionic layer adsorption and reaction (SILAR) and (2) chemical bath 
Figure 2.10: Schematic of the charge recombination pathways (red dotted arrows A-
F) and electron & hole transport (black solid arrow G & blue solid arrow H) in 
QDSSCs, where (A) recombination of electron & hole in the QD conduction band & 
valence band; (B) trapping of the exited electrons by the surface states of QDs; (C) 
recombination of the hole acceptors in the electrolyte and electrons in QDs; (D) 
recombination of the hole acceptors in the electrolyte and electrons in TiO2; (E) back 
electron injection from TiO2 to QDs; (F) recombination of trapped electrons; (G) 
electron injection from QDs to TiO2, and (H) hole transport from QDs to electrolyte.  
(Image adapted from ref [73]) 
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deposition (CBD). SILAR method is achieved by consecutively dipping the TiO2 
mesoporous film into cation precursor solution and anion precursor solution 
alternately for several cycles and grow QDs on TiO2 surface layer-by layer. On the 
other hand, CBD method involves immersing the TiO2 mesoporous film into a 
solution containing both cation and anion precursors at the same time. The post-
synthesis assembly route is usually divided into (1) direct adsorption, (2) 
electrophoretic deposition (EPD), and (3) linker-assisted assembly. The ex situ post-
synthesis methods share the advantages of the pre-synthesized QDs tend to have 
higher crystallinity and their size, shape, as well as optical responses can be 
prescreened in advance, but with the disadvantages of the pre-synthesized QDs are 
usually harder to infiltrate effectively into the TiO2 mesoporous network and the 
existing ligands on the QD surface may hinder the charge transfer between QDs and 
TiO2. In contrast, the in situ direct growth approachs share the advantages of high 
coverage on the mesoporous TiO2 surface and  the QDs are closely bind to the TiO2 
surface without any interfering ligands. However, directly grown NCs usually have 
poorer quality and nonuniform size distribution. The QD deposition routes of both 
diret growth and post-synthesis assembly are illustrated in Figure 2.11. [78]  
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2.7 Quantum dot synthesis via aqueous routes for QDSSC applications 
Though hot injection synthesis has been widely used in QD synthesis, it 
requires organic solvent and high temperature treatment, which is not 
environmentally friendly and energy consuming. The organic-soluble QDs lack bio-
compatible properties and limit their applications. Also, the long-chain alkyl capping 
molecule may hinder the electron transfer in solar cell applications. Therefore further 
ligand exchange process is required in order to make them water-soluble or having 
capping molecules of a shorter chain length. To directly synthesize QDs via aqueous 
route is a good alternative to the hot injection synthesis followed by ligand exchange. 
Various approaches to prepare water-soluble QDs have been studied such as 
Figure 2.11: Schematic illustration of QD deposition approaches. Direct growth 
routes (above): (1) SILAR and (2) CBD methods. Post-synthesis assembly routes 
(below): (1) direct adsorption, (2) electrophoretic deposition (EPD), and (3) linker-
assisted assembly methods. (Image reprinted from ref [78])  
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hydrothermal method [79] or microwave irradiation method [80]. The hydrophilic 
capping molecules on aqueous QD surface usually have a shorter chain length, which 
is favorable for charge transfer. Aqueous QDs not only have the advantage of 
circumventing the ligand exchange process in solar cell applications, they are also 
good for biocompatibility applications because the functional groups of those 
hydrophilic capping molecules are usually hydroxyl, carboxylic acid, amino, or biotin 
that are readily to conjugate with biomolecules. [81] Our group has developed a 
patented environmentally friendly, low-cost, aqueous method for synthesizing QDs 
under low temperature [31, 32, 33]. These water-soluble QDs are suitable for bio-
applications [82] and because they were capped with short-chain capping molecule, 
3-mercaptopropionic acid (MPA), they can also have the potential of being applied 
for solar cell applications.  
 
2.8 Quantum dot modifications for QDSSC applications 
Band alignment is one important factor that determines the charge injection 
from QD to TiO2 in QDSSCs. Some common quantum dot band gaps versus TiO2 
have been summarized in Figure 2.12. [83] Band gap engineering can favor the 
electron injection if one can up-shift the conduction band of QD by either size control 
or doping which have been mentioned earlier. Besides band gap engineering, the 
other modification route is surface modification. The surface defects on the QD can 
trap electrons and act as recombination centers and are generally believed to have 
detrimental effect on QDSSC performances. Scitentists usually try to decrease the 
number of surface defects by coating a surface passivation layer forming a core-shell 
31 
 
QD. If the lattice parameters difference (lattice mismatch) between the core material 
and the shell material is small, it can decrease the number of defects; while if the 
difference in lattice parameters is large or if the shell layer is too thick, it can actually 
generate more defects or introduce high surface strain. [84] Based on the band gaps 
and their relative energy level positions of the core and shell materials, the core-shell 
QDs can be classified into: (1) type I, (2) type II, and (3) reverse type I (Figure 2.13 
[38]). In type I core-shell QDs, the band gap of core is smaller than that of the shell 
and the electron and holes tend to be localized within the core. Wide band gap shell 
can act as a protection layer against corrosive liquid electrolyte and provide better QD 
stability in QDSSC applications. Some examples for type I QDSSCs are CdSe/ZnS 
[85, 86], PbS/CdS [87]. In type II core-shell QDs, the valence and conduction band of 
the core are both lower or higher than that of the shell, respectively, and in this case 
one carrier (either electron or hole) is localized in the core while the other is localized 
in the shell. The type II QD in which the valence and conduction band of the shell are 
both lower than that of the core is favorable for charge separation in QDSSC 
applications. Some examples for type II QDSSCs are ZnSe/CdS [88], and CdTe/CdSe 
[89, 90]. In reverse type I core-shell QDs, the band gap of core is larger than that of 
the shell and the electron and holes tend to be partially or completely localized in the 
shell. This not only favors the extraction of photogenerated electrons, compared to 
type II QD, but also favors the hole transport. Example for reverse type-I QDSSCs 
includes CdS/CdSe [91].   
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2.9 Objective, approach, and specific aims  
Currently QDSSCs have been intensely studied via in situ method such as 
CBD [92] or SILAR [93], however it is difficult to control the size and shape of these 
QDs and to characterize their optical characteristics. Very few papers have studied 
QDSSCs made by post-synthesized aqueous QDs via ex situ method [94] which has 
Figure 2.13: Schematic of the energy-level alignment in different core/shell QD 
systems. The upper and lower edges of the rectangles correspond to the positions of 
the conduction- and valence-band edge of the core (center) and shell (left & right) 
materials, respectively. (Images reprinted from ref [38]) 
Figure 2.12: Energy levels versus vacuum of various metal-chalcogenide quantum 
dots light absorbers for solar cells. The band gap for TiO2 is bulk, while the band gap 
for quantum dots are for particle sizes between 2.4–5 nm from several references. 
(Image reprinted from ref [83]) 
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the benefits of easier characterization of the optical characteristics of QDs and 
correlation of the solar cell performance with the modification that was done on the 
QDs. QDSSCs made from ex situ method could be an easy and powerful tool to study 
the optoelectronic responses of QDs by their corresponding current-voltage (J-V) 
responses. The objective of this thesis is to investigate how modifications in QD 
synthesis can affect the optical properties of QDs and the final QDSSC performances. 
MPA-capped CdSe aqueous QDs is an ideal system to study the correlation between 
colloidal processing of QDs and their effects in QDSSCs because MPA-CdSe 
aqueous QDs have better photochemical stability compared to other aqueous QDs. 
[95] In addition, it has a broad band trap-state emission in visible range which makes 
their corresponding optical changes from the QD modifications easily observed by 
naked eyes. We have chosen aqueous CdSe QDs as our model system and using Pb 
ion as our modification tool. We introduced Pb ion either during the QD synthesis (i.e. 
doping) or after the QD has already been made (i.e. coating). The addition of Pb ion 
(either during or after QD synthesis) was chosen as the modification approach 
because PbSe has emission in infrared range while CdSe is in visible and has a 
different crystal structure from CdSe (PbSe has a cubic rock-salt structure while CdSe 
has a cubic zinc-blende structure [96]) thereby the effect of modification is distinct 
either in optical response or in crystal structure. 
To summarize, the three specific aims of this thesis are set as follows and will 
be discussed in chapter 3, 4, and 5, respectively: 
1. In order to control the absorption spectrum of QDSSC, we will study 
aqueous MPA-capped CdSe QDs modification by incorporating Pb ion 
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during synthesis (i.e. doping), and characterize the optical properties and 
crystal structures of the Pb-doped CdSe QDs by (Ultraviolet–visible) UV-
Vis absorption, PL emission, and X-ray diffraction (XRD). 
2. In order to control the interfacial charge transfer behavior of QDSSC, we 
will study aqueous MPA-capped CdSe QDs modification by incorporating 
Pb ion after synthesis (i.e. coating), and characterize the optical properties 
and crystal structures of the Pb-coated CdSe QDs by UV-Vis absorption, 
PL emission, and XRD. 
3. In order to evaluate the overall effects of controlling the absorption and 
charge transfer of CdSe QDs, we will study QDSSCs by incorporating Pb-
modified CdSe QDs (either doping or coating) during cell fabrication 
using ex situ method, and characterize the solar cell performance by 
current-voltage (J-V) measurement and electrochemical impedance 
spectroscopy (EIS). 
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3: Synthesis and Characterization of Pb-doped CdSe Aqueous Quantum 
Dots  
 
3.1 CdPbSe alloy QDs literature search 
Aqueous CdSe QDs have good stability in air which can be photoluminescent 
and well suspended over a long period of time, however aqueous PbSe QDs have 
poor stability and would aggregate and precipitate easily in a short period of time 
[97]. This is because the solubility product constant (Ksp=[M+][A−]) of PbSe 
(KspPbSe=1x10−37) is lower than that of CdSe (KspCdSe=4x10−35) under room 
temperature [98] meaning that PbSe is easier to precipitate than CdSe. According to 
the phase diagram of CdSe and PbSe (Figure 3.1 [99]), the possibility of forming 
CdSe-PbSe solid solution is very low, which is the main difficulty that need to be 
overcome while incorporating Pb into CdSe QDs. Alloy Cd1-xPbxSe QDs made from 
organic route has been studied by Young-Kuk Kim et al.. [100] Aqueous route has 
only been successfully used in synthesizing Cd1-xPbxSe thin film [101] but not QDs. 
In their study they found that ternary Cd1−xPbxSe films containing lower 
concentration of Pb (x ≤ 0.5) form solid solution of Pb in CdSe in hexagonal structure 
while films with higher concentration of Pb (x > 0.5) show solid solution of Cd in 
PbSe in cubic structure. 
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3.2 CdSe QDs and CdPbSe alloy QDs synthesis 
3.2.1 Synthesis of CdSe quantum dots: Aqueous cadmium selenide (CdSe) 
QDs were directly synthesized in deionized (DI) water using a procedure adapted 
from our previous paper [95] and is briefly described as follows. A 0.08 M cadmium 
nitrate solution as Cd precursor was first prepared by directly dissolving 1.234 g of 
cadmium nitrate tetrahydrate (Fisher Scientific) powders in 50 ml of deionized (DI) 
water. A 0.08 M sodium selenosulfate (Na2SeSO3) solution as Se precursor was 
prepared by dissolving 0.315 g selenium (200 mesh, Sigma-Aldrich) powders in 50 
ml of 80 °C DI water with gradual addition of 5~8 g (the additional amount may vary 
depend on how well the Se powder dissolve) of sodium sulfite anhydrous (Sigma-
Figure 3.1: CdSe-PbSe phase diagram. (From Tomashik, Z.F. et al., Izv. AN SSSR. 
Neorgan. Materialy, 16(2), 261, 1980.) The eutectic composition and temperature are 
46 mol. % CdSe and 995°C. The solubility of CdSe in PbSe at the eutectic temperature 
is equal to 30 mol. %. The solubility of PbSe in CdSe at the eutectic temperature is not 
higher than 1 mol. %. (Image reprinted from ref [99])  
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Aldrich) powders and accompany with continuous heating and stirring for about 2 
hours until the Se powders completely dissolved. Once the Cd and Se precursors are 
made, 28 μl of 3-mercaptopropionic acid (MPA) (Alfa Aesar) was added to 40 ml of 
DI water with continuous stirring followed by adjusting the pH of the solution to 11 
using tetramethylammonium hydroxide (TMAH) (Alfa Aesar). The role of MPA is to 
serve as capping molecule, and high pH is required for hydrogen to dissociate from 
thiol group (-SH) to become thiolate (-S-) in order to complex with metal cation as 
well as for the carboxyl group (-COOH) to become carboxylate (-COO-) in order to 
make the final QDs charged and well suspended (The acid dissociation constant for 
the two hydrogen ends of MPA are pKaCOOH=4.32 and pKaSH=10.20, respectively. 
[102]). After that, 1 ml of 0.08 M Cd precursor was added to the MPA solution and 
the pH was maintained at 11 by adding more TMAH. After 5 min stirring, 1 ml of 
0.08 M Se precursor was added to the solution followed by continuous stirring for a 
reaction (nucleation and growth) time of 10 min (may extend to 15 min if the 
temperature of the lab is low) to form CdSe nanocrystals. Another 2 ml of 0.08 M Cd 
precursor (as excess cation) was added to the suspension and the pH was adjusted to 
12 by adding more TMAH with continuous stirring for another 10 min. Finally, the 
final volume of the solution was made to 50 ml by adding DI water. The final 
concentration of CdSe suspension was 1.6 mM in terms of the Se atom with a 
nominal molar ratio of MPA:Cd:Se = 4:3:1. 
3.2.2 Synthesis of Pb-doped CdSe (or CdPbSe) quantum dots: A 0.08M lead 
nitrate solution was prepared by dissolving 1.324 g lead(II) nitrate (Sigma-Aldrich) 
powders in 50 ml of DI water and was used as Pb precursor to dope cadmium 
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selenide QDs. The procedure for synthesizing Pb-doped CdSe QDs is similar to that 
of CdSe QDs but replacing some of the cadmium precursor with lead precursor. 28 μl 
of MPA was added in 40 ml of DI water and TMAH was used to keep the solution at 
pH 11. 990 µl of 0.08 M cadmium precursor and 10 µl of 0.08 M Pb precursor were 
added sequentially into the water-MPA solution with continuous stirring for 5 min 
and the pH was maintained at 11 by adding more TMAH. Then, 1 ml of 0.08 M 
selenium precursor was added into the MPA-cadmium-lead water solution to form 
1% Pb-doped CdSe nanocrystals. After 10 min of reaction, another 2 ml of 0.08 M Cd 
precursor was again added in QD suspension to provide excess. The pH was adjusted 
to 12 by adding more TMAH with continuous stirring for 10 min, then DI water was 
added to bring the final volume to 50 ml to obtain the desired concentration of 1.6 
mM in terms of the Se atom with a nominal molar ratio of MPA:(Cd + Pb)+(excess 
Cd):Se = 4:1+2:1 = 4:3:1. For synthesizing 5%, 10%, 20%, 50%, or 100% Pb-doped 
CdSe QDs, simply by following the same procedure of 1% Pb-doped CdSe QDs but 
adding 50 µl, 100 µl, 200 µl, 500 µl, or 1 ml of 0.08 M Pb precursor, respectively, 
instead of 10 µl and deduct the volume accordingly from the amount of Cd precursor 
added. For simplification purpose, we will denote the CdPbSe QDs doping ratio by 
the core Cd/Pb ratio, for example, Cd/Pb=100/0, 90/10, 50/50, or 0/100 means 0%, 
10%, 50%, or 100% Pb-doped CdSe QDs, respectively. Note that 100% Pb-doped 
CdSe QDs means that the 1 ml Cd core was fully replaced by 1 ml of Pb precursor, 
however it was still covered by 2 ml of excess Cd on the surface. 
3.2.3 Changing the synthesis temperature and time: In some cases, QDs were 
directly synthesized at 70°C instead of room temperature (RT), which means the DI 
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water was pre-heated to 70°C before adding any precursor and the reaction 
(nucleation and growth) time was varied as well (either 5 min or 10 min). In order for 
water to reach 70°C, the temperature of the hotplate need to be set at an elevated 
temperature of around 180°C. 
3.2.4 Post-synthesis heat treatment: In some other cases, QDs synthesized at 
room temperature were performed with a post-synthesis heat treatment. The room 
temperature synthesized undoped and Pb-doped CdSe QD suspensions were heated in 
a 70°C water bath using a hotplate for different amount of time from 0 hr, 2 hr, 4 hr, 8 
hr, all the way to 12 hr after synthesis. In order for water to reach 70°C, the 
temperature of the hotplate need to be set at an elevated temperature of around 180°C. 
3.2.5 QD characterizations: The photoluminescence (PL) and ultraviolet–
visible (UV-Vis) absorbance spectra of the synthesized QD suspensions were 
measured by Photon Technology International (PTI) QuantaMaster 
spectrofluorometer and Ocean Optics USB4000 combined with USB-ISS-UV/VIS 
spectrometer, respectively. The high concentration QDs (1.6 mM) need to be diluted 
with pH-controlled DI water before measure PL and absorbance in order to prevent 
any potential scattering or reabsorption (self-quenching) effect due to high 
concentration. The exciation wavelength of PL measurement for all samples were all 
fixed at 460 nm. The crystallinities and the crystal structures of the quantum dots 
were examined by Rigaku SmartLab X-ray diffractometer.  
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3.3 The effect of Pb-doping in CdSe QDs at room temperature 
By incorporating Pb ions during CdSe QDs synthesis, it is possible to form 
Pb-doped CdSe QDs, or so-called CdPbSe alloy QDs. The absorbance and 
photoluminescence spectra of CdPbSe QDs with different core Cd/Pb ratios 
synthesized at room temperature for 10 min are shown in Figure 3.2a and 3.2b, 
respectively, and their appearances under ambient light and ultraviolet lamp are 
shown in Figure 3.2c and 3.2d, respectively. From Figure 3.2a we can see that the 
absorption edge of the CdPbSe QD red shift from ~470 nm to above 800 nm with 
increasing Pb-doping ratio, however, the PL emission peak positions are all fixed at 
600 nm. This is a telltale sign that there wasn’t really any doping happened in our 
QDs. What actually happened was that the addition of Pb ions and Cd ions at the 
same time during synthesis just formed phase-separated PbSe QDs and CdSe QDs. 
The optical properties we obtained were a superposition of PbSe QDs and CdSe QDs 
mixture, and the mixing ratio depends on the amount of cation we added. PbSe has 
small band gap and with emission in the near infrared range as well as stong 
absorption. Therefore the formation of PbSe QDs will absorb the visible PL ~600 nm 
emitted by CdSe and lead to PL intensity quenching. Figure 3.3 shows another 
attempt with longer reaction (nucleation and growth) time of 15 min that gave us the 
same results. Note that the Cd/Pb=0/100 sample all precipitated at the bottom of the 
cuvette because of the low solubility of PbSe that if react for longer than a certain 
period of time the crystals formed will be too large and lost their colloidal stability. 
The addition of excess Cd actually has a function of constraining the growth of core 
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QDs. So as long as we added the excess Cd shell fast enough, stable Cd/Pb=0/100 
QDs (or PbSe/Cd core-shell QDs) can still be formed. We have schematically 
illustrated the dopin and phase-separation mechanism in Scheme 3.1. Scheme 3.1a-c 
shows the ideal CdPbSe QD synthesis by adding Cd, Pb, Se precursors followed with 
excess Cd shell. Scheme 3.1d-f shows the phase-separated formation of PbSe and 
CdSe QD-mixture covered with excess Cd shell. 
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Figure 3.2: The (a) absorbance and (b) photoluminescence (PL) emission spectra of 
diluted Pb-doped CdSe QD suspensions synthesized at room temperature for 10 min 
with different core Cd/Pb ratios. The appearances of diluted Pb-doped CdSe QD 
suspensions under (c) ambient light, and (d) UV lamp. (Note that the samples in the 
pictures have been diluted from 1.6 mM to 0.53 mM, therefore the color looks a bit 
lighter.) 
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Figure 3.3: The (a) absorbance and (b) photoluminescence (PL) emission spectra of 
diluted Pb-doped CdSe QD suspensions synthesized at room temperature for 15 min 
with different core Cd/Pb ratios. The appearances of undiluted Pb-doped CdSe QD 
suspensions under (c) ambient light, and (d) UV lamp. (Note that the samples in the 
pictures were not diluted, therefore the color looks much darker than the ones in 
Figure 3.2.) 
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3.4 The effect of raising QD synthesis temperature 
From previous experiment we found that synthesizing alloying CdPbSe QDs 
at room temperature is not going to work. The synthesis of nanocrystals strongly 
depends on several factors: reactive species, pH, temperature, and concentration. We 
speculate that one possible way to improve the doping is by heat treatment. The fact 
that Pb and Se react so fast, they precipitate out even before they have a chance to 
rearrange with Cd.  By providing heat, the system entropy (randomness) will increase 
Scheme 3.1: (a) Addition of Cd, Pb and Se precursors; (b) formation of CdPbSe core and 
the addition of excess Cd (c) forming excess Cd shell on CdPbSe core. Together (a)-(c) 
show the ideal synthesis process of Pb-doped CdSe QDs. (d) Addition of Cd, Pb and Se 
precursors; (e) formation of phase-separated CdSe and PbSe cores and the addition of 
excess Cd (f) forming excess Cd shell on phase-separated CdSe and PbSe cores. Together 
(d)-(f) show the formation of phase-separated CdSe and PbSe QDs. 
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and may help the rearrangement of Cd and Pb atoms. The absorbance and 
photoluminescence spectra of CdPbSe QDs with different core Cd/Pb ratios 
synthesized at 70°C for 5 min are shown in Figure 3.4a and 3.4b, respectively, and 
their appearances under ambient light and ultraviolet lamp are shown in Figure 3.4c 
and 3.4d, respectively. Since it is really difficult to tell whether it is a phase-separated 
mixture or not from the absorption spectra, we will now only focus on the PL spectra. 
From Figure 3.4b we can see that the PL peak of undoped-CdSe (Cd/Pb=100/0) now 
shift to around 645 nm (compared to 600 nm at room temperature). This was due to 
the heating made QDs grew faster and larger QD size led to emission wavelength red-
shift. On the other hand, now we can see the PL peak position of Pb-doped CdSe QDs 
further red-shifted from 645 nm to 660 nm in the Cd/Pb=95/5 case. Further addition 
of Pb did not lead to further red-shift. This indicates that the 5 min 70°C synthesis did 
help certain degree of doping. We further increase the 70°C synthesis time from 5 
min to 10 min, and the results are shown in Figure 3.5. From Figure 3.5b we can see 
that the PL peak of undoped-CdSe (Cd/Pb=100/0) is still around 645 nm, but the 
Cd/Pb=95/5 has further red-shifted to almost 700 nm. This indicates that longer 
heating time can further help the doping of Pb. The appearances of 10 min heating are 
quite different from the 5 min heating. The low doping ratio (Cd/Pb=99/1 and 
Cd/Pb=95/5) of 10 min heating samples showed orange-redish color while the 5 min 
heating samples showed yellow-brownish color. Note that the Cd/Pb=0/100 sample 
precipitated again due to the fast growing nature of PbSe QDs. We studied the 
crytstal structure of CdPbSe QDs by X-ray diffraction (XRD) patterns (Figure 3.6). 
Figure 3.6a shows the XRD patterns of CdPbSe QDs sysnthesized at room 
45 
 
temperature for 10 min with different Cd/Pb core ratios. From Figure 3.6a we can see 
that the undoped-CdSe (Cd/Pb=100/0) sample has a crystal structure of cubic zinc-
blende structure (consistent with JCPDS card no. 78-1903) while the Cd/Pb=0/100 
sample has a cubic rock-salt structure (consistent with JCPDS card no. 88-2346). 
Between these two extreme conditions it shows the co-existence of zinc-blende and 
rock-salt structure indicating a mixture of CdSe and PbSe phases. Figure 3.6b shows 
the XRD patterns of CdPbSe QDs sysnthesized at 70°C for 5 min with different 
Cd/Pb core ratios. We see the 70°C samples roughly share the same trend as room 
temperature samples, except (311) and (331) peaks of rock-salt structure only appear 
in 70°C samples. The sharper peaks indicate 70°C samples have larger crystallite 
sizes. The crystallite size of particles can be estimated by the broadening (full width 
at half maximum (FWHM)) of XRD peaks using Scherrer equation. [103] Beside the 
size differences indicated by peaks broadening, another major difference is that if 
examining the Cd/Pb=95/5 patterns closely, the (200) peak of rock-salt structure is 
missing indicating that the Pb added can be incorporated into the CdSe zinc-blende 
structure. The x-ray result is consistent with what we found in the PL spectra in 
Figure 3.4b. We obtained the highest PL peak wavelength at Cd/Pb=95/5. Further 
doping to Cd/Pb=90/10 and 80/20 did not further red-shift the PL peak position 
indicating Cd/Pb=95/5 is the doping limit for synthesizing CdPbSe QDs at 70°C for 5 
min.    
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Figure 3.4: The (a) absorbance and (b) photoluminescence (PL) emission spectra of 
diluted Pb-doped CdSe QD suspensions synthesized at 70°C for 5 min with different 
core Cd/Pb ratios. The appearances of undiluted Pb-doped CdSe QD suspensions 
under (c) ambient light, and (d) UV lamp.  
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Figure 3.5: The (a) absorbance and (b) photoluminescence (PL) emission spectra of 
diluted Pb-doped CdSe QD suspensions synthesized at 70°C for 10 min with different 
core Cd/Pb ratios. The appearances of undiluted Pb-doped CdSe QD suspensions 
under (c) ambient light, and (d) UV lamp. 
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3.5 The effect of post-synthesis heat treatment 
Besides rasing the synthesis temperature from room temperature to 70°C, we 
have also tried to raise the temperature of QD suspensions after QDs have already 
been made. Post-synthesis heat treatment was done by soaking room temperature pre-
synthesized QDs in a 70°C water bath for a certain period of time from 0 hr (means 
no post-synthesis heat treatment) all the way to 12 hours. The appearances of the 
CdPbSe QDs with 0 to 12 hours of post-synthesis 70°C heat treatment under ambient 
light and ultraviolet lamp are shown in Figure 3.7, and their absorbance and 
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Figure 3.6: The X-ray diffraction (XRD) patterns of Pb-doped CdSe QDs with 
different core Cd/Pb ratios synthesized at (a) room temperature for 10 min, and at (b) 
70°C for 5 min. The blue dotted lines are visual guide lines for cubic rock-salt (RS) 
structure, while red dotted lines are visual guide lines for cubic zinc-blende (ZB) 
structure. 
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photoluminescence spectra are shown in Figure 3.8. It is interesting to see that with 
increasing post-synthesis heat treatment time from 4 hr to 12 hr, the color of Pb-
doped CdSe QDs did not continue red-shifting but first red-shifted to orange color but 
blue-shfited back to yellow color again eventually. We found that this is because the 
post-synthesis heat treatment can promote the edge-state emission peak and quench 
the trap-state emission peak at the same time. Edge-state peak has a lower emission 
wavelength compared to trap-state peak, and therefore the colors of QDs seem to 
blue-shift with post-synthesis heat treatment. There are several reasons that may be 
attributed to this finding. One is the improved crystallinity and another is the 
detachment of MPA. The post-synthesis heat treatment may improve the crystallinity 
by removing some surface defects due to the diffusion of atoms. The removal of 
surface defects will decrease the trap-state emission and improve the edge-state 
emission. Literature has also shown that the amount of MPA on the surface of CdSe 
QDs can control the trap-state emission intensity. [104] The more MPA on the QD 
surface, the higher the trap-state emission intensity and the edge state emission 
intensity will decrease accordingly. Meanwhile, with long post-synthesis heat 
treatment time for up to several hours, MPA may suffer from photooxidation.  MPAs 
can be photooxidized by the presence of light and oxygen causing MPAs to detach 
from QD surface forming disulfide bond between two MPAs. [105] Figure 3.9 shows 
the XRD patterns of samples before and after 4 hours post-synthesis 70°C heat 
treatment. The peaks seem to be more distinct indicating a slight improvement in 
crystallinity. Note that before post-synthesis heat treatment, all those room 
temperature synthesis CdPbSe QDs are actually CdSe and PbSe mixture. The excess 
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Cd shell can prevent CdSe and PbSe from contact and react with each other, and 
therefore the post-synthesis heat treatment cannot improve the doping efficiently as 
directly rasing the synthesis temperature to 70°C. The reason that the Pb-doped 
sample (even the Cd/Pb=0/100 sample) seems to shift to CdSe structure after 4 hr 
post-synthesis heating in the XRD patterns is because although they may not be able 
to contact with other CdSe QDs, but the 2 excess Cd shell on the surface may have 
the chance to react with the Se in the core, and therefore even the 100% Pb-doped 
sample gradually shift to CdSe structure after several hours heating. 
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Figure 3.7: The appearances of Pb-doped CdSe QD suspensions with different core 
Cd/Pb ratios synthesized at room temperature for 10 min, then heat-treated in a 70°C 
water bath for a different period of time under (a)(c)(e)(g) ambient light, and 
(b)(d)(f)(h) ultraviolet lamp. 
(c) (e) (g) 
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Figure 3.8: The (a)(c)(e)(g) absorbance and (b)(d)(f)(h) photoluminescence (PL) 
emission spectra of diluted Pb-doped CdSe QD suspensions with different core Cd/Pb 
ratios synthesized at room temperature for 10 min then heat-treated in a 70°C water 
bath for a different period of time. 
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Figure 3.9: The X-ray diffraction (XRD) patterns of (a) undoped CdSe, (b) 1% Pb-
doped CdSe, (c) 5% Pb-doped CdSe, and (d) 100% Pb-doped CdSe QDs before and 
after 4 hr post-synthesis 70°C heat treatment. The blue dotted lines are visual guide 
lines for cubic rock-salt (RS) structure, while red dotted lines are visual guide lines 
for cubic zinc-blende (ZB) structure. 
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3.6 The effect of low synthesis concentration 
Besides raising the temperature, another way to improve doping is by 
lowering the synthesis concentration. The reason is that when the synthesis 
concentration is high, the chances for precursors to bump into each other is high, and 
this will promote the homonucleation (meaning Cd ions react with Cd ions and Pb 
ions react with Pb ions) and they are right in the center of insoluble region of 
solubility curve so they grow really fast. On the contrary if the concentration is low, 
the chances for precursors to bump into each other is low, then before Cd or Pb has 
the chance to bump into other Cd or Pb ions they may bump into the opposite species 
first and therefore promote the heteronucleation and they are closer to the solubility 
limit so they grow slower. We lowered the CdPbSe QD concentration from 1.6 mM 
to 0.32 mM by cutting the amount of all precursors added into 1/5 (Note that this 
specific batch of samples were synthesized following our earlier CdPbS paper [106] 
with molar ratio of MPA:(core Cd/Pb)+(excess Cd):Se = 8:(2.66)+(2.33):1 = 8:5:1 
instead of 4:3:1 as other samples in this study). Since the synthesis temperature is also 
crucial for Pb-doping, we tried three different heating conditions: (1) QDs 
synthesized at room temperature (RT) for 10 min, (2) QDs synthesized at RT for 10 
min, then heated in a 70°C water bath for 1 hr, and (3) QDs directly synthesized at 
70°C for 10 min. The appearance of CdPbSe QDs under ambient light and ultraviolet 
(UV) lamp are shown in Figure 3.10. From ambient light photos we can see that due 
to the low synthesis concentration, QDs grow slowly so the color of CdPbSe QDs 
under ambient lamp is almost transparent. The color became darker with the 
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increasing Pb content, changing from transparent to light brown. From UV lamp 
photos we can see that the fluorescent color under UV lamp changed from yellow to 
dark red, and eventually no visible fluorescent for the Cd/Pb=30/70 cases. The 
fluorescent color of CdPbSe QDs with different heating conditions also looks 
different. The fluorescent colors of QDs synthesized at RT are usually dimmer than 
the QDs with heat treatment. This indicates that QDs synthesized at RT does not have 
as good crystallinity as those with heating. Figure 3.11 shows the absorbance and 
photoluminescence spectra of CdPbSe QDs synthesized with three different heating 
conditions. From Figure 3.11 we can see that the ones that directly synthesized at 
70°C are still the best in terms of doping (red-shifting the emission wavelength to 660 
nm for the Cd/Pb=70/30 case). We did not perform XRD on low concentration 
samples because it was really difficult for low concentration samples to collect 
sufficient amount of powders for XRD analysis, however based on the red emission 
color of Cd/Pb=70/30 samples observed from Figure 3.10 (and compared it with 
Figure 3.5) we would say the doping range has broaden from ~5% in the high 
concentration case to almost ~30% in the low concentration case. One possible 
explanation is that the core cation:anion ratio for 8:5:1 QDs is 2.66:1 instead of 1:1 so 
the amount of Pb that can be doped in 8:5:1 case would be at least 2.66 times larger 
than the 4:3:1 case. Since our final goal is for solar cell applications, and it requires 
small QDs in order to penetrate through the mesoporous TiO2 network, we will use 
this low concentration QDs that directly synthesized at 70°C for our QDSSC tests in 
later chapter. 
 
55 
 
 
 
(a) (c) (e) (g) (i) 
(b) (d) (f) (h) (j) 
Figure 3.10: The appearance of MPA-CdPbSe QDs with different core Cd/Pb ratios 
under (a)(c)(e)(g)(i) ambient light and (b)(d)(f)(h)(j) ultraviolet lamp. Under each 
ratio there are three samples which were synthesized under different temperature 
conditions, from left to right are synthesized at room temperature (RT), synthesized at 
RT then heated in a 70°C water bath for 1hr, and directly synthesized at 70°C, 
respectively. (Note this specific batch of samples were synthesized following our 
earlier CdPbS paper [106] with molar ratio of MPA:(core Cd/Pb)+(excess Cd):Se = 
8:(2.66)+(2.33):1 = 8:5:1 instead of 4:3:1 as other samples in this study.) 
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Figure 3.11: The (a)(c)(e) absorbance and (b)(d)(f) photoluminescence (PL) emission 
spectra of diluted Pb-doped CdSe QD suspensions with different core Cd/Pb ratios 
synthesized under different temperature conditions, (a)(b) are synthesized at room 
temperature (RT), (c)(d) are synthesized at RT then heated in a 70°C water bath for 
1hr, and (e)(f) are directly synthesized at 70°C. (Note this specific batch of samples 
were synthesized following our earlier CdPbS paper [106] with molar ratio of 
MPA:(core Cd/Pb)+(excess Cd):Se = 8:(2.66)+(2.33):1 = 8:5:1 instead of 4:3:1 as 
other samples in this study.) 
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3.7 Heat sustainability of CdSe QDs  
For solar cell applications, thermal stability of the QDs is an important issue. 
Although perovskite type solar cells have efficiencies comparable with Si-based solar 
cells, however they suffer from instability issue under high temperature. It has been 
found that CH3NH3PbI3 film degraded to CH3NH3I and PbI2 under elevated 
temperature (45–55°C) at the presence of concentrated sunlight. [107] Therefore we 
are also curious about the heat sustainability of our QDs. Thermal stability study of 
our aqueous MPA-capped CdSe (4:3:1) QDs was conducted in open air condition and 
monitored their PL properties after heating. 200µL of CdSe (4:3:1) QD suspension 
was dropped cast on the glass slide and heated on a hotplate for 30 min. Different 
temperature was tested from room temperature (RT) to as high as 550°C. CdSe (1:1) 
without MPA capping was also tested as a comparison group to see the effect of MPA 
molecule. We found that without MPA-capping, the thermal stability of CdSe was 
pretty poor that cannot sustain temperature higher than 50°C (Figure 3.12c and 3.12d). 
On the other hand MPA-capped CdSe can sustain temperature as high as 250°C 
(Figure 3.12a and 3.12b). Note that MPA has an autoignition temperature of 
662°F=~350°C, therefore once the temperature is higher than 350°C the MPA will 
burn out and QD powders will become bare QDs and no longer maintain their PL 
properties. Literature have demonstrated Mn-doped Zn chalcogenide core-shell QD 
films with temperature-dependent photoluminescence (PL) from 80 to 500 K, and the 
PL properties can completely recover after cooling back to room temperature. [108] 
They claimed the thermal stability of Mn-doped QD emissions was significantly 
dependent on the shell thickness. Our QDs can also sustain heating for up to 500 K, 
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however our PL properties cannot completely recover after cooling. This is probably 
due to different capping molecules used. In the literature they were using organic 
QDs which capped with long-chain capping molecules oleylamine (with a boiling 
point of 364 °C (637 K)) as well as a thick protection shell, and therefore having a 
better heat sustainability. Our MPA-capped QDs have poorer heat sustainability due 
to the limitation of MPA autoignition temperature.  
 
 
 
 
Figure 3.12: The appearance of dried powder samples of MPA-CdSe (4:3:1) QDs 
under (a) ambient light and (b) ultraviolet lamp, and CdSe (1:1) QDs without MPA 
under (c) ambient light and (d) ultraviolet lamp. Each glass slide was drop-cast with 
200µL of QD suspension then heated on a hotplate in open air condition at different 
temperatures for 30 min. Heating temperatures are from room temperature (RT) all the 
way to 550°C and to 250°C for samples with and without MPA, respectively. 
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3.8 Summary of Pb-doped CdSe QDs 
It was found that synthesizing CdPbSe QDs at room temperature will only 
result in QD phase-separation. The optical properties suggest that, although the 
absorbance continue red-shifting with increasing amount of Pb added, however the 
PL emission all stay the same at 600 nm, which is the emission of visible CdSe QDs. 
The superposition of PbSe and CdSe will only lead to PL quenching due to the strong 
absorption nature of PbSe and their emission wavelength is at near infrared region 
which is not able to be detected under visible range. By raising the synthesis 
temperature from room temperature to 70°C, we were able to see certain degree of 
Pb-doping (Cd/Pb=95/5) suggested by the PL emission red-shift and the XRD 
patterns. Although the phase diagram shows no chance at all for PbSe to form solid 
solution in CdSe rich end, however bear in mind that these phase diagrams were the 
results in air and may not behave the same in water. The post-synthesis heat treatment 
didn’t really help red-shift the trap-state emission wavelength, however, they can help 
promote the intensity of edge-state emission and quenching the trap-state emission. It 
is possible that due to the long heating time (up to several hours), the number of 
surface defects decrease due to diffusion, and the number of surface MPA also 
decrease due to photooxidation. Literautre has attributed MPA to the source of defect-
state emission. The high temperature synthesis will make the QD size grows large. In 
order to form small size Pb-doped CdSe QDs for solar cell applications, one may 
need to lower the synthesis concentration to bring the reaction close to the solubility 
limit which can slow down the growth of QDs. 
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4: Synthesis and Characterization of Pb-coated CdSe Aqueous Quantum 
Dots  
 
4.1 CdSe/Pb core/shell QDs literature search 
In contrast to high stability CdSe QDs, PbSe QDs have poor photostability 
and core-shell structures have been widely studied to stabilize PbSe QDs. Bulk PbSe 
has a cubic rock-salt structure with lattice constant=6.12Å while CdSe has a cubic 
zinc-blende structure with lattice constant=6.05Å. [96] Low lattice mismatch of ~1% 
between PbSe and CdSe make CdSe a good candidate as shell material. Organic 
PbSe/CdSe core-shell QDs have been successfully synthesized by coating CdSe shell 
using ion exchange method [96] or SILAR method [109]. Although PbSe/CdSe core-
shell QDs have been widely studied, to the best of our knowledge, there is no 
research on CdSe/PbSe or CdSe/Pb core-shell QDs in the literature at all. This is due 
to PbSe has a relatively smaller energy band gap (Eg=0.8 eV) than CdSe (Eg=1.7 eV) 
[83] and will form reverse type I QDs. Very little research has been done on the 
reverse type I QDs because the light might be absorbed by the shell and never reach 
the core. However metal-coated QDs may have the potential of improving the charge 
transfer and is worth studying for QDSSC applications. 
 
4.2 CdSe QDs synthesis and Pb coating 
4.2.1 Synthesis of CdSe quantum dots: Aqueous MPA-capped CdSe QDs used 
in this study were synthesized by a procedure adapted from our previous paper [95] 
which is briefly described as follows: Cd and Se precursor solutions were prepared 
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separately in advance: (1) 0.08 M cadmium nitrate tetrahydrate (Fisher Scientific) 
solution and (2) 0.08 M sodium selenosulfate (Na2SeSO3, prepared by mixing 
selenium powder (200 mesh, Sigma-Aldrich) with sodium sulfite anhydrous (Sigma-
Aldrich) with continuous stirring and heating for about two hours) solution. First, 28 
μL of 3-mercaptopropionic acid (MPA) (as purchased, Alfa Aesar) was added to 40 
mL of deionized (DI) water followed by continuous stirring for 5 min. MPA acts as 
the capping molecule of CdSe QDs. The pH of MPA solution was then adjusted to 11 
using tetramethylammonium hydroxide (TMAH) (as purchased, Alfa Aesar) followed 
by continuous stirring for 10 min. After that, 1 mL of 0.08 M Cd precursor was added 
to the MPA solution and the pH was maintained at 11 by adding more TMAH. After 
another 5 min stirring, 1 mL of 0.08 M Se precursor was added to the solution 
followed by continuous stirring for another 10 min (time may vary to 15 min if the 
temperature of the lab is really cold). After that, another 2 mL of 0.08 M Cd precursor 
(as excess cation) was added to the suspension and the pH was adjusted to 12 by 
adding TMAH with continuous stirring for 10 min. Finally, the final volume of the 
solution was made to 50 mL by adding additional DI water. The synthesized MPA-
capped CdSe QD suspension had a final [Se2−] concentration of 1.6 mM (the particle 
concentration is roughly 1.35 μM) with a molar ratio of capping molecule 
(MPA):cation (Cd + excess Cd):anion (Se) = 320 μmol:(80 +160) μmol:80 μmol = 
4:3:1. It was found that this specific molar ratio with MPA:excess Cd equals 2:1 gives 
the optimal PL intensity. [95] Similar to 4:3:1 CdSe, 4:2:1 and 4:1:1 CdSe QDs with 
different amount of excess Cd were synthesized using the same approach but 
changing the additional amount of excess Cd precursor from 2 to 1 and 0 mL, 
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respectively. The appearances of the CdSe QDs had a yellow color under ambient 
light and a yellow fluorescent color under ultraviolet (UV) lamp.  
4.2.2 Pb coating process: Various amounts of Pb precursor of 0.08 M lead (II) 
nitrate (Sigma-Aldrich) solution were added to the post-synthesized MPA-capped 
CdSe QDs (as synthesized, without any purification) and stirred for 5 min to modify 
the surface of CdSe QDs forming Pb-treated CdSe QDs (noted as CdSe/xPb QDs 
hereafter, where x is the molar ratio of added Pb compared to the stoichiometric Se). 
For example CdSe (4:3:1)/1Pb QDs were obtained by adding 1 mL of 0.08 M Pb 
precursor into the 50 mL post-synthesized CdSe (4:3:1) QDs (which also contain 1 
mL of 0.08 M Se precursor) and stirring for 5 min. For comparison purpose, aqueous 
MPA-capped PbSe QDs were synthesized using a similar method as aqueous CdSe 
QDs but with a molar ratio of MPA:Pb:Se=8:2:1 instead of 4:3:1. The reason for 
using more capping molecules but less excess cations for synthesizing PbSe QDs was 
because the solubility product constant (Ksp=[M+][A−]) of PbSe (KspPbSe=1x10−37) is 
lower than that of CdSe (KspCdSe=4x10−35) under room temperature [98] meaning that 
under same condition PbSe is easier to precipitate than CdSe and can grow very 
quickly leading to QD aggregation. Therefore more capping molecule and less excess 
cation were used in order to prevent aggregation and maintain the colloidal stability 
of PbSe QDs. 
4.2.3 QDs characterizations: The photoluminescence (PL) emission intensities of 
the untreated and Pb-treated QDs were measured by Photon Technology International 
(PTI) QuantaMaster spectrofluorometer and the ultraviolet−visible (UV−Vis) 
absorbance spectra were measured by Ocean Optics USBISS-UV/VIS combined with 
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a USB 4000 spectrometer. The excitation source of PTI QuantaMaster is a Xenon arc 
lamp combined with a monochromator, and the excitation wavelengths in this study 
for untreated CdSe and Pb-treated CdSe QDs were fixed at 460 and 455 nm, 
respectively, unless otherwise specified. Note that all QD samples were diluted with 
pH controlled DI water from 1.6 mM to 0.16 mM before measuring their optical 
absorption and emission spectra to prevent any potential scattering or reabsorption 
(self-quenching) effect due to high concentration. The transient absorption (TA) 
spectroscopy of the QDs was obtained by Ultrafast Systems Helios, a femtosecond 
visible transient absorption spectrometer. The elemental analyses were done by FEI 
XL30 environmental scanning electron microscope (ESEM) using its energy-
dispersive X-ray microanalysis (EDAX) detector. The crystal structures of the 
untreated and Pb-treated QDs were studied using Rigaku SmartLab X-ray 
diffractometer. Note that the QD suspensions for PL and absorption optical 
measurements were tested as synthesized without any further purification. However, 
the QD powders for structural and elemental studies were washed before observation 
by adding ethanol, precipitated by centrifugation, and repeat the washing steps by 
resuspending the collected powders in ethanol and centrifuge again. This is to ensure 
that the elemental analysis only examines the QD itself without any unwanted excess 
ions in the water attached to the QD surface. The the size of QDs was determined by 
transmission electron microscopy (TEM) images using JEOL JEM2100 transmission 
electron microscope as well as dynamic light scattering (DLS) using Malvern 
Zetasizer Nano ZS90. The particle surface zeta potential was also determined using 
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Malvern Zetasizer Nano ZS90. The refractive index and absorption for the material 
was set as 2.55 and 0.7, respectively, for the Zetasizer measurements. 
 
4.3 Comparison of CdSe QDs, CdSe/1Pb QDs, and PbSe QDs 
By adding 1 molar ratio (relative to the stoichiometric Se) of Pb precursor into 
post-synthesized CdSe QDs, Pb-coated CdSe QDs were formed (denoted as 
CdSe/1Pb). The appearances of (1) CdSe (4:3:1) QDs, (2) CdSe (4:3:1)/1Pb QDs, and 
(3) PbSe (8:2:1) QDs under ambient light and ultraviolet (UV) lamp are shown in 
Figure 4.1a and 4.1b, respectively. It can be seen that the color of CdSe QDs under 
ambient light and UV lamp still maintain yellow after the Pb treatment, while the 
color of PbSe QD is dark brown in ambient light and no PL emission in the visible 
range under UV lamp. The absorbance and emission spectra of CdSe and CdSe/1Pb 
QDs compared to PbSe QDs are shown in Figure 4.1c. It was found that the emission 
peak intensity almost doubled, increased from ∼45,000 to ∼82,000, after 1Pb 
treatment. The PL peak wavelength blue-shifted from ∼600 to ∼570 nm while the 
absorption edge blue-shifted from ∼500 to ∼480 nm after 1Pb treatment. On the other 
hand, it can be seen that the absorption edge of PbSe QDs was >800 nm, while no 
emission peak was found below 800 nm. The X-ray diffraction (XRD) patterns of 
CdSe (4:3:1) and CdSe (4:3:1)/1Pb QDs versus PbSe (8:2:1) QDs are shown in 
Figure 4.2a−c. From Figure 4.2a and 4.2b it can be seen that the crystal structures of 
CdSe QDs did not change much before and after Pb treatment. The XRD patterns of 
the untreated CdSe QDs were cubic zinc-blende structure and remain the same 
structure after Pb treatment. On the other hand, the XRD patterns of PbSe QDs in 
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Figure 4.2c have a cubic rock-salt structure. This result suggests that there was no 
PbSe formed after Pb treatment, or the amount of PbSe formed was so little that no 
significant crystal structure change can be found in XRD patterns. 
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Figure 4.1: The appearances of CdSe (4:3:1), CdSe (4:3:1)/1Pb, and PbSe (8:2:1) 
QDs under (a) ambient light and (b) ultraviolet lamp. (c) The absorbance (dash lines, 
left Y axis) and emission (solid lines, right Y axis) spectra of CdSe (4:3:1) QDs (blue 
lines) and CdSe (4:3:1)/1Pb QDs (red lines) compared to PbSe (8:2:1) QDs (black 
lines).  
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4.4 Quantum yield determination 
The relative quantum yield (Q.Y.) for the QDs can be determined using a 
comparative method. [110] The integrated fluorescence intensity and the absorbance 
of QD suspensions at different concentrations were measured under certain excitation 
wavelength, and the gradient of the graph is then compared with a standard. 
Rhodamine 101 ethanol solution was chosen as the standard here since it has a known 
quantum yield of 100%. [111] The relative quantum yield can be obtained from 
equation: [110] 
 
(a) 
(c) 
0 10 20 30 40 50 60 70 80 90
0
200
400
600
800
100
200
300
100
200
300
0 10 20 30 40 50 60 70 80 90
(222)
(400)
(420)
(422)
(220)
(200)
(111)
 
2 Theta (degree)
 PbSe
 
In
te
n
s
it
y
 (
a
.u
.)  CdSe/1Pb
(311)
(220)
(111)
 
 
 CdSe
(b) 
Figure 4.2: The X-ray diffraction (XRD) patterns of (a) CdSe (4:3:1), (b) CdSe 
(4:3:1)/1Pb QDs, and (c) PbSe (8:2:1) QDs. 












=
2
2
ST
X
ST
X
STX
Grad
Grad
η
ηφφ
(4.1) 
67 
 
 
Where X in the equation denotes the test (CdSe with or without Pb treatment) 
sample and ST denotes the standard (rhodamine 101) sample. The ϕ, Grad, and η in 
the equation denote the quantum yield, slope of the integrated fluorescence intensity 
versus absorbance, and the refractive index of the solvent (ηwater= 1.33 and ηethanol= 
1.36), respectively. [82] Figure 4.3 shows the integrated fluorescence intensity versus 
absorbance of CdSe (4:3:1) QDs with and without 1Pb treatment compared to 
Rhodamine 101. The relative quantum yield of aqueous CdSe (4:3:1) QDs and CdSe 
(4:3:1)/1Pb QDs is 19.4% and 40.3%, respectively, calculated from the slopes in 
Figure 4.3. It can be seen that the Pb treatment doubled the quantum yield, consistent 
with the increased PL intensity by the Pb treatment shown in Figure 4.1c.  
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Figure 4.3: The integrated fluorescence intensity versus absorbance of untreated CdSe 
and Pb-treated CdSe quantum dot suspension with molar ratios of 
MPA:Cd:Se=(4:3:1) and MPA:Cd:Se/Pb=(4:3:1/1) respectively, versus Rhodamine 
101 ethanol solution (reference). The excitation wavelength of CdSe and CdSe/1Pb 
was fixed at 455 nm while the excitation wavelength of Rhodamine 101 was fixed at 
567 nm. 
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4.5 Transient absorption studies of CdSe, CdSe/1Pb, and PbSe QDs  
The transient absorption (TA) spectroscopy of CdSe (4:3:1), CdSe (4:3:1)/1Pb, 
and PbSe (8:2:1) QDs were measured using a femtosecond pump-probe system. The 
QDs were excited at 310 nm with a pump pulse of 6 mW, while a temporally-delayed 
broadband probe pulse were used to monitor changes in the absorption of the sample 
at a particular wavelength (here we chose 600 nm since it is the emission wavelength 
of CdSe QDs so we can monitor the PL decay). Figure 4.4 shows the transient 
absorption decay of CdSe, CdSe/1Pb, and PbSe QD suspensions. The raw data were 
noisy and were smoothed using exponential smoothing with a smoothing constant 
α=0.1 (or a damping factor= (1- α)= 0.9) in advance before fitting. After smoothing 
the raw data, the curves were fitted using a biexponential decay function: [54] 
 
 
 Where ΔA(t) represents the time (t) dependent decay of the absorbance 
difference between the signals measured by the probe pulse with and without the 
presence of pump pulse, A1 and A2 stand for the initial amplitude coefficients, τ1 and 
τ2 are the lifetime values obtained from the decay, and Aoff stands for a non-decaying 
offset. The average lifetime (τav) is obtained using: [54] 
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The obtained values are summarized in Table 4.1. It was found that the curves 
cannot be well fitted using a single exponential decay function indicating there were 
two decay lifetimes involved instead of one. The short lifetimes τ1 (fast decays) were 
attributed to surface trapping (surface-related nonradiative recombination processes), 
and the longer lifetimes τ2 (slower decays) were attributed to electron-hole relaxation 
(the recombination of free excitons). [54] From Table 4.1, we can see that the fast 
decay lifetime τ1 for CdSe/1Pb QDs is shorter than that of CdSe QDs, indicating 
CdSe/1Pb QDs have more surface defects than CdSe QDs. Based on this finding we 
speculate that the doubled trap-state PL intensity found in CdSe/1Pb QDs compared 
to CdSe QDs was due to the Pb-treatment introducing more surface defects to the 
QDs and therefore enhanced the trap-state emission intensity. Meanwhile, τ2 for 
CdSe/1Pb is also shorter than that of CdSe QDs. However, we don't know why that is 
the case at the moment. Further study on this issue is required.  The waterfall multi-
curve, contour graph, and 3D color map surface of transient absorption spectra as a 
function of wavelength for CdSe, CdSe/1Pb, and PbSe QDs were shown below in 
Figure 4.5, 4.6, and 4.7, respectively. A positive transient differential signal 
corresponds to excited state absorption, while a negative transient differential signal 
corresponds to ground state bleaching. The reason why most of the transient 
absorption differences are positive besides the ground state bleaching has been 
attributed to the defect states in the literature. [112] Therefore we are able to tell the 
ground state (or excitonic band gap) of each sample by looking at the negative valley 
peak position wavelength. We can conclude that CdSe QDs have exciton peak around 
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460 nm, CdSe/1Pb QDs have exciton peak around 450 nm, and PbSe QDs have no 
exciton peak within the visible range.  
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Figure 4.4: Transient absorption spectra of CdSe (4:3:1), CdSe (4:3:1)/1Pb, and PbSe 
(8:2:1) QD suspensions excited at 310 nm with a pump pulse of 6 mW with probe 
pulse recorded at 600 nm. The solid lines are the fitted curves using biexponential 
functions. 
 CdSe (4:3:1) CdSe (4:3:1)/1Pb PbSe (8:2:1) 
A1 (OD) 0.00288 0.00282 0.00911 
A2 (OD) 0.00297 0.00177 0.00196 
Aoff (OD) 0.00171 -0.00054 0.00038 
τ1 (ps) 28.10354 18.35596 1.84221 
τ2 (ps) 652.49744 630.48993 12.46125 
τav (ps) 652.49578 630.49079 12.45948 
 
Table 4.1: Summary of the transient absorption biexponential best-fit results for 
CdSe, CdSe/1Pb, and PbSe QD suspensions from Figure 4.4. 
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Figure 4.5: The transient absorption spectra as a function of wavelength of CdSe 
(4:3:1) QD suspension excited at 310 nm with a pump pulse of 6 mW expressed in (a) 
waterfall multi-curve, (b) contour graph, and (c) 3D color map surface. The ground 
state bleaching of CdSe QD can be found at ~460 nm. Note1: The small valley at 
~620 nm is just the artifact of twice of the pump pulse (310 nm x 2). Note2: Red is 
positive and blue is negative for the color scale of ΔA in (b) and (c). 
72 
 
 
(a) 
(b) 
400 450 500 550 600 650 700 750 800
-0.0276
-0.0184
-0.0092
0.0000
0.0092
3000
2500
2000
1500
1000
500
0
Wavelength (nm)
A
b
s
o
rb
a
n
c
e
 D
if
fe
re
n
c
e
 (
O
D
)
Ti
m
e 
(p
s)
300 400 500 600 700 800 900
0
1000
2000
A
Y
 T
itl
e
-0.05000
-0.04500
-0.04000
-0.03500
-0.03000
-0.02500
-0.02000
-0.01500
-0.01000
-0.005000
0.000
0.005000
0.01000
0.01500
0.02000
0.02500
0.03000
0.03500
0.04000
0.04500
0.05000
(c) 
Figure 4.6: The transient absorption spectra as a function of wavelength of CdSe 
(4:3:1)/1Pb QD suspension excited at 310 nm with a pump pulse of 6 mW expressed 
in (a) waterfall multi-curve, (b) contour graph, and (c) 3D color map surface. The 
ground state bleaching of CdSe/1Pb QD can be found at ~450 nm. Note1: The small 
valley at ~620 nm is just the artifact of twice of the pump pulse (310 nm x 2). Note2: 
Red is positive and blue is negative for the color scale of ΔA in (b) and (c). 
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Figure 4.7: The transient absorption spectra as a function of wavelength of PbSe 
(8:2:1) QD suspension excited at 310 nm with a pump pulse of 6 mW expressed in (a) 
waterfall multi-curve, (b) contour graph, and (c) 3D color map surface. The ground 
state bleaching of PbSe QD cannot be found in the visible range. Note1: The small 
valley at ~620 nm is just the artifact of twice of the pump pulse (310 nm x 2). Note2: 
Red is positive and blue is negative for the color scale of ΔA in (b) and (c). 
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4.6 The effect of Pb-treatment on CdSe QDs 
The amount of added Pb relative to the stoichiometric Se was varied forming 
CdSe/xPb to study the systematic effect of the Pb treatment on CdSe (4:3:1) QDs. 
The absorbance and PL emission spectra of CdSe, CdSe/0.5Pb, CdSe/1Pb, 
CdSe/1.5Pb, and CdSe/2Pb QDs are shown in Figure 4.8a and 4.8b, respectively, 
while their appearances under ambient light and ultraviolet lamp are shown in Figure 
4.8c and 4.8d, respectively. The PL intensity, emission peak wavelength, and 
absorption edge plotted as a function of the amount of Pb added were summarized in 
Figure 4.9. It is shown that the Pb treatment can increase emission peak intensities. 
Even with very little amount of Pb added (x = 0.5), the PL peak intensity almost 
doubled. As Figure 4.9 shows, PL intensity increased to maximum at x = 1 and 
decreased at x = 1.5, while x = 2 decreased even more. It is observed that an optimal 
amount of Pb (where x is between 0.5 and 1.5) exists for the highest PL intensity. 
Meanwhile, the absorption edges and the emission peak wavelengths all blue-shifted 
to shorter wavelength after Pb treatment.  
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Figure 4.8: The (a) absorbance and (b) photoluminescence emission spectra of 
untreated CdSe quantum dot suspension with molar ratio of MPA:Cd:Se=(4:3:1) 
versus Pb-treated CdSe QD with different amount of added Pb where molar ratio of 
MPA:Cd:Se/Pb =(4:3:1/0.5), (4:3:1/1), (4:3:1/1.5), and (4:3:1/2). The appearances of 
CdSe and Pb-treated CdSe quantum dot suspensions under (c) ambient light and (d) 
ultraviolet lamp. 
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4.7 The effect of excess Cd shell on CdSe QD surface 
Another important aspect of the effect of Pb addition is that it requires the 
presence of excess Cd. By adding a fixed molar ratio of Pb precursor into the 
suspensions of post-synthesized CdSe QD with different molar ratios of excess Cd, 
the effect of excess Cd on the QDs with added Pb was examined. Using CdSe/1Pb as 
a model, the optical behaviors were examined with varied amount of excess Cd (with 
molar ratio of MPA:Cd:Se = 4:3:1, 4:2:1, or 4:1:1, which means with 2 molar ratio of 
excess Cd, 1 molar ratio or excess Cd, or no excess Cd, respectively). The absorption 
and emission spectra of CdSe (4:3:1), CdSe (4:2:1), CdSe (4:1:1) (solid lines) versus 
CdSe (4:3:1)/1Pb, CdSe (4:2:1)/1Pb, and CdSe (4:1:1)/1Pb (dashed lines) were 
summarized in Figure 4.10a and 4.10b, respectively, and their appearances under 
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Figure 4.9: The photoluminescence intensities (black squares, left Y axis), emission 
peak wavelengths (blue triangles, right Y axis), and absorption edge wavelengths (red 
triangles, right Y axis) of different Pb treatment contents in CdSe/xPb where x= 0, 
0.5, 1, 1.5, and 2 corresponded to untreated and Pb-treated CdSe quantum dot 
suspension with molar ratio of MPA:Cd:Se/Pb=(4:3:1/0), (4:3:1/0.5), (4:3:1/1),
(4:3:1/1.5), and (4:3:1/2), respectively. 
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ambient light and ultraviolet lamp were shown in Figure 4.10c and 4.10d, 
respectively. From Figure 4.10a it was found that, when there was excess Cd present 
on the surface, the absorption edge of MPA-CdSe (4:3:1)/1Pb and CdSe (4:2:1)/1Pb 
QDs both blue-shifted to a shorter wavelength compared to the untreated ones. And 
their PL intensities both increased accompanied by blue-shifted peak wavelengths. 
However, when there was no excess Cd on the surface, in the case of MPA-CdSe 
(4:1:1)/1Pb, the absorption edge and emission peak both red-shifted. The instrument 
has a detection limit of around 825 nm, any peak larger than 825 nm was cut off and 
therefore the exact PL peak position for CdSe (4:1:1)/1Pb could not be determined. 
From Figure 4.10b we found that the PL intensities of untreated CdSe QDs increase 
with the increasing amount of excess Cd (PL intensities: 4:3:1 > 4:2:1 > 4:1:1). This 
is due to more excess Cd will introduce more Se vacancies (the trap states in CdSe are 
generally believed to be Se vacancies. [104]) to the QD surface (or more defects at 
the interface of CdSe core and excess Cd shell) and therefore increase the trap state 
emission intensities. If there is no excess Cd on the surface (i.e., CdSe (4:1:1)), there 
will be very little trap state emission. The inset of Figure 4.10b shows the emission 
peak of CdSe (4:1:1) between 550 and 750 nm with an intensity of ∼2000, which is 
almost ten times lower than that of the CdSe (4:2:1). Meanwhile the excess Cd can 
affect the absorption edge as well because the optical properties of QDs are not only 
related to their core but also related to how their electrons (or holes) delocalize to 
their shells. Therefore, QDs with a thicker shell will have a slightly red-shifted optical 
properties compared to the thinner one (absorption edge: 4:3:1 > 4:2:1 as shown in 
Figure 4.10a). However, we found that the one without shell (4:1:1) has a larger 
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absorption edge compared to the ones with shells (4:3:1 and 4:2:1). This is likely due 
to the fact that without the excess Cd layer, the core has the potential to grow with 
time and becomes bigger because short-chain capping molecule MPA does not 
prohibit growth effectively. Indeed we found that the absorption edge and emission 
peak of (4:1:1) continue to red-shift with time. Literature has shown that larger QDs 
will have both red-shifted absorption edge and trap-state emission wavelength 
compared to smaller QDs. [113] The optical properties (both absorption and emission 
spectra) of QDs with excess Cd (4:3:1 and 4:2:1) all blue-shifted while QDs without 
excess Cd (4:1:1) all red-shifted after Pb treatment. This is because if there is contact 
between Pb and Se, they can react and form PbSe which is a strong absorber with 
smaller band gap than CdSe. In the case of CdSe (4:1:1)/1Pb without excess Cd, Pb 
can directly react with Se forming dark brown PbSe and lead to strong red-shift of 
absorption edge and emission peak. No absorption above 500 nm was found after Pb 
treatment with the presence of excess Cd indicating that the added Pb did not react 
with the Se in the CdSe (4:3:1)/1Pb and CdSe (4:2:1)/1Pb cases. One possible way to 
explain the blue-shifted absorption edge and emission peak wavelength is the cation 
exchange between the added Pb ion and the excess Cd ion on the QD surface leading 
to shrinking the size of overall QDs due to a slight ion dissolution. Previously it has 
been shown that the addition of Pb is able to displace the Cd in aqueous CdS QDs 
forming CdS/PbS QDs due to the lower solubility of Pb compared to Cd in water. 
[114]  
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4.8 The effect of excess Se on CdSe/Pb QDs 
The reaction involved with Pb treatment is further examined by adding excess 
Se precursor to the suspension after CdSe QDs have been treated with Pb in order to 
see whether PbSe will form on the CdSe surface. One molar ratio of Pb precursor was 
first added to the post-synthesized CdSe QD suspension and stirred for 5 min. After 
that, different molar ratios of excess Se precursor were added to the CdSe (4:3:1)/1Pb 
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Figure 4.10: The (a) absorbance and (b) photoluminescence emission spectra of 
untreated CdSe quantum dot suspensions with molar ratios of MPA:Cd:Se =(4:3:1), 
(4:2:1), and (4:1:1) (solid lines) versus Pb-treated CdSe quantum dot suspensions 
with molar ratios of MPA:Cd:Se/Pb =(4:3:1/1), (4:2:1/1), and (4:1:1/1) (dash lines) 
respectively. The inset in (b) shows the emission peak of CdSe (4:1:1) between 550 
nm and 750 nm. The appearances of untreated CdSe and Pb-treated CdSe quantum 
dot suspensions with different amount of excess Cd under (c) ambient light and (d) 
ultraviolet lamp. 
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QD suspension which was denoted as CdSe/1Pb/ySe QD (where y is the molar ratio 
of additional Se compared to the core stoichiometric Se). The absorption and 
emission spectra of CdSe, CdSe/1Pb, CdSe/1Pb/0.5Se, CdSe/1Pb/1Se, 
CdSe/1Pb/1.5Se, and CdSe/1Pb/2Se were summarized in Figure 4.11a and 4.11b, 
respectively, and their appearances under ambient light and ultraviolet lamp were 
shown in Figure 4.11c and 4.11d, respectively. It was found that with increasing 
excess Se, the CdSe/1Pb/ySe QD absorb more light and the absorption edges red-
shifted to longer wavelength compared to the CdSe/1Pb while the PL emission 
intensities were quenched and red-shifted to longer wavelength as well. The 
CdSe/1Pb/ySe QD did not visually turn brown until adding 2 molar ratio of excess Se. 
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4.9 Colloidal stability of Pb-treated CdSe QDs 
We found that when adding too much Pb (when CdSe/xPb with x > 2) the 
CdSe QD suspension is no longer stable and will lead to QD aggregation and 
precipitation. The reason is that after Pb replacing Cd, the number of MPAs on the 
QD surface decrease (because MPAs were bonded to Cd ions) leading to instability of 
QDs. The more Pb is added, the less stable the QDs are. Meanwhile, MPAs can be 
photooxidized by the presence of light and oxygen causing MPAs to detach from QD 
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Figure 4.11: The (a) absorbance and (b) photoluminescence emission spectra of 
untreated CdSe quantum dot suspension with molar ratio of MPA:Cd:Se=(4:3:1) 
versus CdSe/Pb/Se quantum dot suspension with molar ratio of MPA:Cd:Se/Pb/Se 
=(4:3:1/1/0), (4:3:1/1/0.5), (4:3:1/1/1), (4:3:1/1/1.5), and (4:3:1/1/2). The appearance 
of CdSe and CdSe/Pb/Se quantum dot suspensions under (c) ambient light and (d) 
ultraviolet lamp, respectively. 
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surface forming disulfide bond between two MPAs. [105] Excess MPAs in the 
suspension could replace the oxidized MPAs and maintain the stability of the 
suspension. This is the reason why Pb-treatment was performed on the unpurified 
CdSe QD suspension instead of purified suspension. The unpurified CdSe 
suspensions had excess free MPAs in the suspension, which can replace the detached 
MPA molecules to keep the QDs remain capped. Pb-treated unpurified CdSe 
suspension can be stable and well suspended up to several months if stored properly 
under dark while Pb-treated purified CdSe suspension would aggregate and 
precipitate at the bottom in less than 1 hr (Figure 4.12).  
 
83 
 
 
 
4.10 QD size determination by Tauc plot and Brus equation 
The sizes of quantum dots before and after Pb treatment with different amount 
of excess Cd ion were estimated using the Brus equation from equation (2.2): Egdot = 
Egbulk + (h2/8R2)(1/me* + 1/mh*). The third term on the right hand side of the equation 
is neglected due to high dielectric constant of semiconductor material. [48] Because 
our QDs are trap-state emission QDs, the energy of emission wavelength is not the 
band gap of our material. Therefore instead of using emission energy as Egdot, the 
absorption energy obtained from Tauc plot (Figure 4.13) was used for calculation 
(a) 
(b) (d) 
(c) 
Figure 4.12: The appearance of unpurified and purified CdSe samples (with molar 
ratio of MPA:Cd:Se=4:3:1) before and after Pb treatment under ambient light (a)(c), 
and under ultraviolet lamp (b)(d). Pictures (a) and (b) show that the PL intensities of 
the freshly prepared Pb-treated samples were enhanced for both purified and 
unpurified CdSe suspensions. Pictures (c) and (d) show that the purified CdSe 
suspension after treated with Pb is no longer stable and precipitated at the bottom 
after one hour due to the absence of excess MPA. 
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instead. The h, me*, mh*, and Egbulk used for calculation were 6.626x10-34 Js, 0.13 me, 
0.45 me (where me= 9.11 × 10-31 kg), and 1.74 eV (=2.784x10-19 J), respectively. [48] 
The Tauc plot was obtained from equation: [115] 
 
 
Where α is the absorption coefficient, hν is the photon energy (can be 
obtained from E=hν=hc/λ), A is the band form parameter, Egdot is the optical band gap 
of the nanoparticles, n=2 for indirect band gap material and n=1/2 for direct band gap 
material (note that CdSe is a direct band gap material therefore n=1/2 was used). [115] 
One can estimate the direct band gap value from the plot of (αhν)2 versus (hν) and 
extrapolating the straight portion of the graph to (hν) axis to obtain the intercept value 
at α= 0 (Figure 4.13). The Egdot obtained from Tauc plot and the QD size calculated 
from Brus equation were summarized in Table 4.2.  
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Figure 4.13: Tauc plots obtained from absorption data of untreated CdSe and Pb-
treated CdSe quantum dot suspensions with molar ratios of MPA:Cd:Se=(4:3:1), 
(4:2:1), (4:1:1) and MPA:Cd:Se/Pb=(4:3:1/1), (4:2:1/1), (4:1:1/1), respectively. 
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4.11 QD size determination by TEM and dynamic light scattering 
The actual sizes of quantum dots before and after Pb treatment with different 
amount of excess Cd ion were examined by TEM images. Figure 4.14 shows that the 
quantum dot sizes before and after Pb treatment are both roughly around 5 nm 
without any significant change except the CdSe (4:1:1)/1Pb (Figure 4.14f) case, 
which are in good agreement with what we obtained from Brus equation calculations. 
When carefully examining Figure 4.14f (note that the scale bar in Figure 4.14f is 10 
nm, while the scale bars in others are 5 nm), it can be seen that it is composed of two 
sizes of QDs: small size QDs of around 5 nm and large size QDs (or aggregates) of 
around 10−30 nm. We speculate that CdSe (4:1:1)/1Pb is a mixture of CdSe and PbSe 
QDs. XRD patterns of CdSe (4:1:1) versus CdSe (4:1:1)/1Pb are shown in Figure 
4.15. From Figure 4.15 we can see that the XRD patterns of CdSe (4:1:1)/1Pb is a 
combination of CdSe (Figure 4.2a) and PbSe (Figure 4.2c). We also tried to use 
dynamic light scattering (DLS) to determine the size of QDs (Table 4.3). One can see 
 CdSe  
(4:3:1) 
CdSe/Pb 
(4:3:1/1) 
CdSe 
(4:2:1) 
CdSe/Pb 
(4:2:1/1) 
CdSe 
(4:1:1) 
CdSe/Pb 
(4:1:1/1) 
Egdot 2.52 2.61 2.63 2.68 2.54 1.95 
D (nm) 4.38 4.15 4.10 3.99 4.33 8.45 
 
Table 4.2: The summary table of quantum dot size (diameter D = 2R radius) of 
untreated CdSe and Pb-treated CdSe QDs with molar ratios of MPA:Cd:Se=(4:3:1), 
(4:2:1), (4:1:1) and MPA:Cd:Se/Pb=(4:3:1/1), (4:2:1/1), (4:1:1/1), respectively, 
calculated using Brus equation. The band gap energy of the quantum dot (Egdot) was 
obtained from Tauc plot. 
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that the size of CdSe (4:3:1) and CdSe (4:3:1)/1Pb QDs obtained from DLS is larger 
than that observed from TEM. This is because unlike TEM observation can easily tell 
the diameter of individual particle even if there are aggregations, the size obtained 
from DLS is the hydrodynamic size of the particles in the solution which will include 
the size of surface ligands and cannot tell the size of individual particle from 
aggregations. The particle surface zeta potential of CdSe and CdSe/1Pb QDs were 
also tested by Zetasizer and the obtained values are -37.4 mV and -39.8 mV, 
respectively, which are very similar. 
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Figure 4.14: The transmission electron microscopy (TEM) images of untreated CdSe 
quantum dots with molar ratios of MPA:Cd:Se =(4:3:1) (a), (4:2:1) (c), and (4:1:1) (e); 
versus Pb-treated CdSe quantum dots with molar ratios of MPA:Cd:Se/Pb =(4:3:1/1) 
(b), (4:2:1/1) (d), and (4:1:1/1) (f). The scale bars in all images are 5 nm, except the 
one in (f) is 10 nm. 
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4.12 Energy dispersive X-ray spectroscopy (EDS) study 
The energy dispersive X-ray spectroscopy (EDS) elemental analyses of the 
untreated and Pb-treated CdSe QDs of Figure 4.8 and 4.10 were summarized in Table 
4.4 and 4.5, respectively. It can be seen that the atomic percentage of Cd and Se both 
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Figure 4.15: The X-ray diffraction (XRD) patterns of (a) untreated CdSe QDs (with 
molar ratio of MPA:Cd:Se=4:1:1), and (b) Pb-treated CdSe QDs (with molar ratio of 
MPA:Cd:Se/Pb =4:1:1/1). 
 CdSe 
(4:3:1) 
CdSe/Pb 
(4:3:1/0.5) 
CdSe/Pb 
(4:3:1/1) 
CdSe/Pb 
(4:3:1/2) 
Size (nm) 7.3 8.9 11.8 215.3 
 
Table 4.3: The hydrodynamic size of untreated CdSe and Pb-treated CdSe QD 
suspensions with molar ratio of MPA:Cd:Se=(4:3:1) and MPA:Cd:Se/Pb=(4:3:1/0.5), 
(4:3:1/1), (4:3:1/2) measured by Zetasizer. 
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decreased while that of Pb increased with the Pb treatment. This indicates that the 
added Pb was indeed with the QDs, however, we did not know exactly where the 
added Pb was within the QDs nor did we know if there was some kind of compound 
or alloy formed. From the fact that when there was excess Cd presence, the QD did 
not turn brown after adding 1Pb (Figure 4.10) or after adding 1Se after 1Pb treatment 
(Figure 4.11) indicating that there was no PbSe formed (neither in the core nor on the 
surface), it was speculated that the added Pb is contained inside the excess Cd layer. 
When the amount of added Se is more than the amount of excess Cd (as in the case of 
CdSe/1Pb/2Se) then the reaction of Pb with Se occurred and the QD turned brown 
again. From the EDS results, we speculate that the added Pb ions replaced some 
excess Cd on the surface, and at the same time some ions (both Cd and Se) in the core 
might lose during the ion exchange process due to dissolution. As a result, we ended 
up a slightly smaller Pb-treated particle than the untreated particle. A smaller particle 
leads to a wider band gap due to the quantum confinement effect thus causing the 
absorption edge to blue-shift.  
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4.13 Proposed mechanism: Surface partial cation exchange 
The proposed mechanism of Pb treatment is schematically illustrated in 
Scheme 4.1. Scheme 4.1a−c shows the synthesis of untreated CdSe QDs with excess 
Cd ion on the surface. Scheme 4.1d−f shows the partial cation exchange process of 
Pb-treated CdSe QDs where the excess Cd shell turned into a Pb-containing Cd shell. 
 CdSe  
(4:3:1) 
CdSe/Pb 
(4:3:1/1) 
CdSe 
(4:2:1) 
CdSe/Pb 
(4:2:1/1) 
CdSe 
(4:1:1) 
CdSe/Pb 
(4:1:1/1) 
Element Atomic % Atomic % Atomic % Atomic % Atomic % Atomic % 
CdL 38.41 30.61 37.54 33.82 40.63 23.74 
SeK 14.10 10.83 15.72 14.26 37.41 19.62 
PbL 0.15 10.79 0.00 19.48 0.00 27.76 
Others 47.35 47.77 46.75 32.45 21.96 28.88 
Total 100.0 100.0 100.0 100.0 100.0 100.0 
 
Table 4.5: The summary table of energy-dispersive X-ray spectroscopy (EDS) of 
untreated CdSe and Pb-treated CdSe quantum dot powders with molar ratios of 
MPA:Cd:Se=(4:3:1), (4:2:1), (4:1:1) and MPA:Cd:Se/Pb=(4:3:1/1), (4:2:1/1), 
(4:1:1/1), respectively. 
 CdSe  
(4:3:1) 
CdSe/0.5Pb 
(4:3:1/0.5) 
CdSe/1.0Pb 
(4:3:1/1.0) 
CdSe/1.5Pb 
(4:3:1/1.5) 
CdSe/2.0Pb 
(4:3:1/2.0) 
Element Atomic % Atomic % Atomic % Atomic % Atomic % 
CdL 38.41 36.53 30.61 27.40 26.00 
SeK 14.10 14.03 10.83 8.65 9.10 
PbL 0.15 7.67 10.79 12.47 17.78 
Others 47.35 41.77 47.77 51.48 47.12 
Total 100.0 100.0 100.0 100.0 100.0 
 
Table 4.4: The summary table of energy-dispersive X-ray spectroscopy (EDS) of 
untreated CdSe quantum dot powder versus Pb-treated CdSe quantum dot powder. 
The molar ratios of QDs are MPA:Cd:Se=(4:3:1) and MPA:Cd:Se/Pb=(4:3:1/0.5), 
(4:3:1/1), (4:3:1/1.5), (4:3:1/2), respectively. It can be seen that the Pb/Se ratio results 
are basically consistent with the coating ratio showing the Pb ion are indeed added to 
the quantum dot surface. 
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The size of the final Pb-treated QD is slightly smaller than the untreated QD due to 
ion dissolution. The defects generated at the interface of CdSe core and the Pb-
containing Cd shell can increase the trap state emission intensities. In Figure 4.9, the 
PL intensity first increased then decreased again along with the increasing amount of 
additional Pb was probably due to the thickness of the Pb-containing Cd shell. With a 
thin Pb-containing Cd shell (when the amount of added Pb is small), defects can 
accumulate and lead to more trap state emission. However, when the added Pb is too 
much, surface strain due to the lattice mismatch between the Pb-containing Cd shell 
and the core can result in nonradiative defects leading to lower PL intensity.  
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4.14 Summary of Pb-coated CdSe QDs 
It was found that the trap-state emission PL intensity and the quantum yield of 
CdSe QDs were doubled after Pb-treatment. Transient absorption spectroscopy 
studies showed that CdSe/1Pb has a faster decay lifetime τ1 than CdSe indicating 
there are more surface defects after Pb-treatment which is consistent with the trap-
state emission improvement. An optimal amount of additional Pb (where x in 
CdSe/xPb is between 0.5 and 1.5) exists for the highest PL intensity. Further addition 
of Pb led to QD aggregation and the PL intensity decreased. It was found that 
Scheme 4.1: (a) Addition of Cd and Se precursors for the formation of CdSe core; (b) 
addition of excess Cd (c) forming excess Cd shell on CdSe core. Together (a)-(c) show the 
synthesis process of untreated CdSe QDs. (d) Addition of Pb precursor, (e) causing removal 
of some excess Cd through dissolution and cation exchange with the added Pb, and (f) 
resulting in a smaller particle with a Pb-containing Cd shell. Together (d)-(f) show the 
cation exchange process of Pb-treated CdSe QDs. 
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accompanied by the PL intensity increase, the absorption edge and emission peak 
wavelength both blue-shifted after the Pb treatment due to core size shrinkage by 
partial cation exchange process. The excess Cd ion on the CdSe surface plays an 
important role in the Pb-treated CdSe. With enough excess Cd ions on the CdSe 
surface, it can prevent direct reaction of the added Pb with the Se in the CdSe core 
and therefore prevent the formation of PbSe without significant red-shift in the optical 
response nor significant changes in the crystal structure. On the other hand, when 
there are no excess Cd ions on the CdSe surface, the Pb ion will react with the Se 
forming strong absorber PbSe and therefore lead to emission quenching. 
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5: Pb-modified CdSe Quantum Dot-Sensitized Solar Cells 
 
Two types of QD modification have been studied as ways to improve QDSSC 
performance: (1) incorporated Pb during CdSe QD synthesis and possibly forming 
Pb-doped alloy QDs, and (2) incorporated Pb after CdSe QD synthesis and possibly 
forming Pb-coated core-shell QDs. In this chapter, the different optoelectronic 
responses between Pb-doped CdSe QDs and Pb-coated CdSe QDs is further studied 
by incorporating them into QDSSCs. 
 
5.1 Photovoltaic cell performances characterization  
A simple way to characterize photovoltaic cells performances is by measuring 
their current-voltage (J-V) response, and the characterization theories are summarized 
in Figure 5.1 [116]. The open circuit voltage (Voc) and short circuit current (Jsc) 
correspond to the voltage where current equals zero and the current where voltage 
equals zero, respectively. The power density (P) produced by the cell can be 
calculated along the J-V sweep by multiplying the current density by bias voltage 
(P=JV). There will be a maximum value of power occur between Jsc and Voc points 
(the power equals zero at these two points). The current density and bias voltage at 
this maximum power point are denoted as Jm and Vm, respectively. The fill factor (FF, 
equation 5.1) is the ratio of the maximum power (JmVm) to the theoretical power 
(JscVoc) which can also be interpreted graphically as the ratio of the inner small 
rectangular area to the outer large rectangular area. The energy conversion efficiency 
or so-called power conversion efficiency (denoted as Eff, η, or PCE in different papers, 
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equation 5.2) is the ratio of the electrical power output compared to the solar power 
input to the cell, where the maximum power (JmVm) is used as the power output and 
the 1 sun standard test condition (AM1.5G, 100 mW/cm2) is used as the solar power 
input in our study. The incident photon to current conversion efficiency or so called 
external quantum efficiency (IPCE or EQE, equation 5.3) is the measurement of the 
output electrons to the incident photons ratio which requires the excitation 
wavelength (λ) to calculate it. The internal quantum efficiency (IQE) is the value of 
EQE divided by the fraction of light absorbed in QD layer. 
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Figure 5.1: The photovoltaic cell performance characterization J-V and Power curves, 
and some of the important characterization equations on the right. (Images reprinted 
from ref [116]) 
96 
 
5.2 Quantum dot-sensitized solar cells and photodetectors fabrication 
The schematics of QDSSCs and photodetectors fabrication used in this study 
are shown in Scheme 5.1 and are briefly described as follows. The QDSSCs used in 
this study have a configuration of transparent conductive oxide (TCO)/TiO2–
QD/liquid electrolyte/another TCO. The first TCO, fluorine doped tin oxide (FTO) 
coated glass (as purchased, Hartford Glass Co. Inc.), acts as optically transparent 
electrode (OTE). TiO2 paste (as purchased, Solaronix - Ti-Nanoxide D/SP) was 
coated onto the FTO glass surface using a doctor blade method by patterning the 
active region with tapes (Scotch MagicTM Tape) then rolling a glass rod along the 
tapes to remove any paste that is higher than the tapes. After removing the patterning 
tapes, the TiO2–FTO substrate was then sintered at 450ºC for 30 min to remove the 
organic solvent in the paste using a hot plate in open air. The obtained TiO2 
mesoporous network (with thickness of ~4 μm) was linked with QDs by immersion 
deposition (infiltration) method. The mesoporous TiO2 anode was soaked in the QD 
suspension for certain periods of time (12~24 hr). After soaking, the photo anode was 
taken out from the QD suspension, rinsed with DI water to remove residue, and blew 
dry by air. After configuring the photoanode (FTO glass/TiO2–QD) and the counter 
electrode (another FTO glass coated with a thin layer, 100~150 nm, of platinum (Pt) 
by spin-coating H2PtCl6 isopropanol solution) together with plastic spacer tapes 
(Scotch MultiTaskTM Tape) in between, a 0.125M iodide/triiodide (I-/I3-) electrolyte 
solution was then injected into the cell utilizing the capillary action. The I-/I3- 
electrolyte solution consists of LiI: I2=10:1 in acetonitrile solution. The electrolyte 
concentration is based on [LiI] concentration, i.e. 0.125M iodide/triiodide electrolyte 
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indicating 0.125M LiI/0.0125M I2. The photodetectors used in this study is composed 
of two FTO layers sitting side-by-side as conductive electrodes with TiO2 bridging 
gap between them. The two separated FTO electrodes were fabricated by cutting the 
FTO coated side of the conductive glass halfway through with a K.D. UNIPRESS 
WS-22 High Precision Wire Saw, making a slit of 50~100 μm wide between the two 
FTO layers. TiO2 paste was then coated onto/between the two separated FTO 
electrodes as a bridge using the doctor blade method similar to what was used in 
QDSSCs fabrication and sintered at 450ºC for 30 min using a hot plate in open air. 
The substrate was soaked in the QD suspension for 24 hr, then rinsed with DI water 
to remove residue and blew dry by air. The current-voltage (J-V) characteristics of the 
QDSSCs and photodetectors as well as the electrochemical impedance spectroscopy 
(EIS) study of the cells were measured using GAMRY Reference 600 
Potentiostat/Galvanostat/ZRA under 1 sun AM1.5G illumination with Newport Arc 
lamp housing and power supply. The incident photon-to-current efficiency (IPCE) of 
the cells were performed at zero bias between 300 and 600 nm in 10 nm steps using a 
Newport Oriel IPCE system, and the monochromated light was chopped at a 
frequency of 8 Hz. The morphology micrographs and elemental analyses were done 
by FEI XL30 environmental scanning electron microscope (ESEM) with an energy-
dispersive X-ray microanalysis (EDAX) detector. 
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Scheme 5.1: Fabrication steps of (a) QDSSCs and (b) photodetectors used in this study. 
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5.3 Corrosion effect in iodide/triiodide and sulfide/polysulfide electrolytes 
Iodide/triiodide (I-/I3-) electrolyte has been found to be corrosive to metal 
chalcogenide quantum dots. The photocorrosion mechanism is still not fully 
understanded yet. One explanation is that the instability of QD in I-/I3- electrolyte is 
caused by the presence of surface states on pre-synthesized QDs which can trap the 
photoexcited electrons. I3- in electrolytes can capture those trapped electrons and lead 
to the accumulation of holes in QDs, and then cause the degradation. [77] The 
electron injection from the QD into TiO2 occurs at faster timescales than the charge 
recombination which is relatively slow, suggesting that the photocorrosion reaction of 
the long-lived hole depends on how fast the holes on QDs can be taken away by I-. It 
is suggested that holes removal by I- occurs more slowly than photocorrosion. [117] 
Some other scientists proposed that cadmium chalcogenide are generally unstable in 
iodide-based electrolytes due to the rapid metal iodide (MI2) formation leading to 
degradation. [85] There is an anodic oxidation of CdSe during the reduction by I−. 
The photoexcited holes causes dissolution of Cd and deposition of elemental Se or 
CdI2 on the nanocrystal surface (CdSe + 2h+  Cd2+ + Se0). [118] Sulfide/polysulfide 
(S2-/Sn2-) electrolyte has been used in literature to eliminate the corrosion problem 
brought from iodide/triiodide electrolyte. [119] However there are still several 
disadvantages for using polysulfide electrolyte. First of all, the corrosion problem is 
not 100% eliminated after switching to polysulfide electrolyte. The left behind 
reactive holes (because some electrons are scavenged by surface adsorbed oxygen) 
will still induce anodic corrosion and the formation of CdS layer on the nanocrystal 
surface was also observed in some cases. [74] The QDSSCs with polysulfide 
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electrolytes still need to be protected by a thin layer of ZnS [74] or CdS [120] coating 
in order to be stable. Second, literature has shown that the material choice for counter 
electrode is very important. [121] The platinum (Pt) coated conductive glass that has 
been widely used in DSSCs while using the iodide/triiodide electrolyte cannot be 
used here with the polysulfide electrolyte because it inhibits the charge transfer to 
polysulfide. Sulfur compounds are known to chemisorb on platinum surfaces and 
induce impaired charge transfer and therefore increase polarization resistance and 
thus decrease the overall cell performance. [121] Brass, gold, carbon-Cu2S, and 
reduced graphene oxide (RGO)-Cu2S have been used as substitute counter electrode 
to replace platinum electrode, however disintegration of brass alloy in polysulfide 
electrolyte was also observed. [121] Another disadvantage is that using polysulfide 
electrolyte will lead to lower open circuit voltage (Voc) due to a smaller potential 
difference (qVoc) between the oxidation–reduction potential of the polysulfide 
electrolyte and the Fermi level (EF) of the device. Besides using polysulfide 
electrolyte as a substitute electrolyte for iodide/triiodide, several other approaches 
have been done in literature. One approach is by passivating/blocking the trapped 
states on QD surface by coating the particles with a thin layer of wide band gap 
materials (e.g. amorphous-TiO2 [76] or ZnS [85]). Alternatively, literature has also 
found that using iodide (I-) to react with the metal ion (M2+) on QD to form a thin MI2 
coating on QD surface can block the trap states and improve the solar cell 
performance. [77, 122] Some other approaches are trying to eliminate the use of 
iodide/triiodide electrolyte by replacing liquid electrolyte with solid state conductive 
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polymer layer as hole conductive material, [123] or simply take the hole conductive 
material away and form a depleted-heterojunction cell. [61] 
 
5.4 Electrolyte concentration effect on MPA-capped CdSe quantum dots 
The iodide/triiodide (I-/I3-) electrolyte has been found to be corrosive to the 
QDs, therefore the concentration of the electrolyte used is important to minimize the 
corrosion effect. We have also tried to use sulfide/polysulfide (S2-/Sn2-) electrolyte as 
an alternative liquid electrolyte, however we still observed corrosion effect in 
QDSSCs with sulfide/polysulfide electrolyte and the solar cell performances were 
even worse compared to cells with iodide/triiodide electrolyte no matter the types of 
counter electrode used (we have tried both traditional Pt coated electrodes and carbon 
coated electrodes (made by pencil, graphite lubricant powder, and candle soot)). 
Consequently we still focus on iodide/triiodide electrolyte in this study. We first tried 
to add different concentrations of iodide/triiodide electrolyte into our CdSe QD 
suspensions, and measured their PL intensity decrease percentage (obtained from 
[(PL intensity before adding electrolyte – PL intensity after adding electrolyte)/(PL 
intensity before adding electrolyte)]*%). We found that there was no specific PL 
decay trend in QD suspensions with increasing concentration of electrolyte added 
(Table 5.1). We soon figured out that this is due to the iodide/triiodide (I-/I3-) 
electrolyte is not stable under high pH condition of the CdSe suspensions (Figure 5.2). 
Once the pH of iodide/triiodide (pH of ~5) was raised by adding base (the TMAH 
that we used to synthesized CdSe QDs), it started to form crystal-like precipitates and 
the dark brown electrolyte color disappear. Therefore we tried to add different 
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concentrations of iodide/triiodide electrolyte on dried CdSe powders on glass slides 
(obtained by precipitating the QD powders with the addition of ethanol and 
accompanied with centrifugation, then spreaded them on pre-cleaned glass slides by 
doctor-blading method) instead and measured their solid state PL to prevent the 
interference of pH effect in liquid suspensions (Table 5.2). We now can clearly see a 
specific trend that with increasing concentration of electrolyte added, the PL intensity 
decrease percentage (%) increased. The appearances of the CdSe QD suspensions and 
CdSe QD dried powders on glass slides after adding different concentrations of 
iodide/triiodide electrolyte under UV lamp illumination are shown in Figure 5.3. 
From Figure 5.3a we can see that most of the suspensions are still colloidally stable 
after adding electrolyte except the one with 1M electrolyte all precipitated to the 
bottom. From Figure 5.3b we can see that the color of dried CdSe QD powders on 
glass slides became darker and darker with increasing electrolyte concentration added.  
 
 
 
Sample Type 
Iodide/Triiodid
e Electrolyte 
Concentration 
Added 
Emission Peak 
Intensity (a.u.) 
before Adding 
Electrolyte 
Emission Peak 
Intensity (a.u.) 
after Adding 
Electrolyte 
Emission 
Intensity 
Decrease 
Percentage (%) 
CdSe QD 
Suspensions 
0 M 138838 138838 0 
0.0625 M 138838 160683 -15.7342 
0.125 M 138838 111266 19.8591 
0.5 M 138838 147345 -6.1273 
1 M 138838 18295.7 86.8223 
 
Table 5.1: Photoluminescence emission peak intensity of MPA-CdSe (4:3:1) QD 
suspension before and after adding different concentrations of iodide/triiodide 
electrolyte. Note that all suspensions had exactly the same photoluminescence 
intensities before adding electrolyte was because they were all from the same batch 
of QD suspension therefore only measured the intensity once for all. 
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Figure 5.2: The appearances of iodide/triiodide electrolyte after adding different 
amount of tetramethylammonium hydroxide (TMAH) base to raising the pH. 
Sample Type 
Iodide/Triiodid
e Electrolyte 
Concentration 
Added 
Emission Peak 
Intensity (a.u.) 
before Adding 
Electrolyte 
Emission Peak 
Intensity (a.u.) 
after Adding 
Electrolyte 
Emission 
Intensity 
Decrease 
Percentage (%) 
CdSe Powders 
on Glass 
0 M 377445 390336 -3.4153 
0.0625 M 309957 331542 -6.9639 
0.125 M 330011 310470 5.9213 
0.5 M 408835 238656 41.6254 
1 M 676884 113163 83.2818 
 
Table 5.2: Photoluminescence emission peak intensity of MPA-CdSe (4:3:1) QD 
solid powders coated on bare glass substrate before and after adding different 
concentrations of iodide/triiodide electrolyte. 
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Note that after one week all the MPA-CdSe suspensions added with 
iodide/triiodide electrolyte precipitated (and the top solutions were clear like the 1M 
sample shown in Figure 5.3a indicating no QD suspended in the solution) no matter 
what electrolyte concentration added. In order to gain more knowledge about the 
precipitates, the precipitates at the bottom of the cuvettes were collected and scanning 
electron microscopy (SEM) (Figure 5.4) as well as energy-dispersive X-ray 
spectroscopy (EDS) analyses (Table 5.3) of pure CdSe powders and precipitates of 
CdSe with the addition of different concentrations of iodide/triiodide electrolyte were 
performed. SEM micrographs show that the surface morphologies of the pure CdSe 
QD powders (collected by precipitating the QD powders with the addition of ethanol 
and accompanied with centrifugation) are nano-scale spherical structure (which is a 
bit difficult to tell from this magnification scale) while the precipitates of CdSe-
iodide/triiodide electrolyte (0.0625 M) mixture is micro-scale dendrite structure, and 
the morphologies of the precipitated CdSe-iodide/triiodide electrolyte mixture were 
Figure 5.3: The appearances of (a) CdSe QD suspensions and (b) CdSe QD dried 
powders on glass slides after adding different concentrations of iodide/triiodide 
electrolyte observed under illumination of a 365 nm UV lamp. 
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found to became larger and larger with increasing electrolyte concentration. From the 
EDS elemental atomic percent (At%) analyses we found a rough trend that the Cd and 
Se composition decrease with the increasing concentration of I-/I3- electrolyte added 
showing that the electrolyte corrodes AQDs, possibly by dissolution of Cd and Se 
atoms into ions and therefore the final precipitates had no Cd or Se in it. 
 
 
 
 
 
 
 
Figure 5.4: The scanning electron microscopy (SEM) micrographs of the 
precipitations of (a) pure CdSe QD powders, and CdSe QD precipitations with the 
addition of (b) 0.0625M, (c) 0.125M, and (d) 1M iodide/triiodide electrolyte after 
reaction for one month. The magnifications of all images are 2000x and the scale 
bars are 10 µm. 
 
(No I-/I3
-) 
Pure CdSe 
CdSe + I-/I3
-
0.0625 M 
CdSe + I-/I3
-  
0.125 M 
CdSe + I-/I3
-  
0.5 M 
CdSe + I-/I3
-   
1 M 
Element At % At % At % At % At % 
Cd L 12.56 18.02 7.18 0.28 0.18 
Se K 4.93 4.54 2.53 0.00 0.00 
I L 0.08 0.75 1.16 12.33 13.36 
 
Table 5.3: The summary of energy-dispersive X-ray spectroscopy (EDS) atomic 
percent (At%) analyses of precipitations of pure CdSe QD and CdSe with different 
concentrations of iodide/triiodide electrolytes. 
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Lower iodide/triiodide (I-/I3-) electrolyte concentration has been found to have 
less chemical reaction with our QDs which is favorable for retaining the original 
properties of QDs. However, too low electrolyte concentration may not have enough 
redox couples to complete the QDSSC circulation in the cell. Figure 5.5 shows the 
current-voltage (J-V) characteristics of the CdSe QD-sensitized solar cells with 
different I-/I3- electrolyte concentration used. It was found that lower I-/I3- electrolyte 
concentrations improved the solar cell performance, due to less degradation. However 
too low electrolyte concentration (0.0625 M) significantly decreased the solar cell 
performance, due to not enough electrolytes to complete the photoelectric chemical 
redox cycle. Figure 5.6 is plotting the solar cell efficiencies together with the 
photoluminescence intensities of QDs as a function of I-/I3- concentrations added 
showing there is an optimal electrolyte concentration between 0.125 and 0.25M for 
QDSSCs to obtain highest efficiency. In this study, we will mostly focus on using 
0.125 M as our iodide/triiodide (I-/I3-) electrolyte concentration for QDSSC tests. 
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Figure 5.5: The current-voltage characteristics of CdSe QD-sensitized solar cells 
with different iodide/triiodide electrolyte concentrations used. 
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Figure 5.6: The solid square is the solar cell efficiency (left Y axis) of CdSe QD-
sensitized solar cells with different iodide/triiodide electrolyte concentrations used. 
The solid triangle is the photoluminescence emission peak intensity (right Y axis) 
of the CdSe QD powder with the addition of different iodide/triiodide electrolyte 
concentrations. 
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5.5 Factors that affect the adsrotpion of QD sensitizers: Surface charge 
Besides the electrolyte degradation of QDSSCs, another important issue that 
leads to poor performance of QDSSCs is the poor adsorption of QDs on TiO2. Many 
deposition methods have been studied in literature in order to improve QD loading on 
TiO2 surface such as chemical bath deposition (CBD), successive ionic layer 
adsorption and reaction (SILAR), electrophoretic deposition (EPD), direct adsorption 
(DA), and linker-based approach [78]. In this study we adsorbed QDs to TiO2 surface 
by immersing the photoanode (TiO2 mesoporous film on a conductive glass substrate) 
in a suspension of QDs with 3-mercaptopropionic acid (MPA) bifunctional molecular 
linker on the surface. However, due to the high-aspect-ratio porosity nature (meaning 
the pores are deep, but the opening are small) of TiO2 network and the lack of clear 
driving force, long deposition times are needed for getting reasonable coverage 
density of adsorbed sensitizers. The amount of QDs adsorbed onto the TiO2 surface 
strongly depends on the reaction between the surface charge of QDs and TiO2 in the 
solution. [124] The acid dissociation constant for the two hydrogen ends of MPA are 
pKaCOOH=4.32 and pKaSH=10.20, respectively. [102] High pH is required in order to 
dissociate the hydrogen on the thiol group (-SH) to get thiolate end (-S-) in order to 
complex with the metal ion on the QD surface. Under high pH condition, the surfaces 
of MPA-capped QDs are surrounded by negatively charged carboxylate group (-
COO-). Meanwhile, the isoelectric point (IEP) (i.e. point of zero charge) of TiO2 is 
around pH 6.6-7.0. [124] The surface of TiO2 becomes negatively charged at pH 
above IEP (where TiO- dominates the surface). Therefore for QD suspension with 
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high pH, Columbic repulsion will hinder QDs from efficiently adsorbing onto the 
TiO2 surface. The performances of QDSSC with different immersion times were 
studied and found that the efficiency of longer immersion time (24~48 hr) is usually 
better, however too long immersion (for example over 3 days immersion) the solar 
cell performance decrease again. This phenomenon could be explained by the 
photoinduced charge separation and electron transfer processes in QDSSC. If there is 
only monolayer of QDs adsorbed onto TiO2 surface, the photoinduced charge of 
excited QD will inject to TiO2 right away without a chance of recombination. 
However, if there is multilayer of QDs adsorbed onto the electrode, during the 
electron transfer processes, the photoinduced charge of the outer layer QDs may 
recombine with the charge of inner layer QDs results in a poorer photovoltaic 
performance. The optimal immersion time will depend on many factors: the pore size 
and surface area of the mesoporous TiO2 network (which are affected by the size of 
the original TiO2 nanoparticles, film thickness and sintering time), the size of QDs, 
and the penetration mechanism of QDs (which is affected by the wettability of the 
QD suspensions). In this study we will focus on QDSSCs made by 24 hr QD 
immersion. 
 
5.6 Factors that affect the adsrotpion of QD sensitizers: Solvent wettability  
Besides immersion time, the wettability of the QD suspension is also another 
important issue. In the literature, people have tried using different solvents and pH 
values to tune the wettability of QD suspension. [124] The average pore size of TiO2 
network and the size distribution of QDs for our systems have been studied to be ~15 
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nm and 5-10 nm respectively. The pore size of the mesoporous network is actually 
very small for high surface tension solution (i.e. water) to penetrate thoroughly. It is 
helpful if we can change the high surface tension aqueous QD suspension into lower 
surface tension organic solvent such as ethanol since the surface tension of water and 
ethanol is 71.97 and 22.27 dyn/cm (or mN/m), respectively, at room temperature. 
[125] However, direct solvent exchange from water to ethanol is not that stratight 
forward, because our QD systems are not stable in organic solvent and will precipitate 
easily in ethanol. This is likely due to the polarity change that ethanol has a dielectric 
constant of 24.55 which is much less polar than water of 80.1, under room 
temperature, [126] and adding ethanol to QD suspension can disrupt the screening of 
charges by water results in the electrical attraction between negative and positive ions 
in solution which leads to precipitation. Another possible reason is the pH lowering 
due to the addition of neutral pH ethanol. QDs are only charged when they are in high 
pH (as described earlier the hydrogen on -COOH and -SH end dissociate at high pH 
and become -COO- and -S-), if adding neutral pH ethanol lowering the pH of the 
solution will make the QD suspension cloudy and precipitate in a very short time. The 
pH value of the mixing ethanol has to be pre-adjusted to pH 11 in advance before 
mixing in order to prevent QD agglomeration. Instead of trying direct solvent 
exchange, we tried mixing water and ethanol with different volume ratios. Figure 5.7 
shows the TiO2 photoanode that sensitized by soaking in CdPbS QD (synthesis 
procedure following ref [106]) suspensions with water:ethanol ratio of 1:1, 1:2, 1:3, 
1:4 (by adding different amount of pH pre-adjusted ethanol into fixed amount of 1.6 
mM CdPbS aqueous suspension). From the picture we can clearly see that the color 
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became darker and darker with increasing ethanol ratio indicating more QDs were 
adsorbed on to the TiO2 electrode due to the addition of ethanol lowering the surface 
tension of the QD suspension result in better penetration in mesoporous TiO2 network. 
The QDSSC solar cell performance did improve accordingly with the increasing 
ethanol to water ratio. This phenomenon has been tested and found to be repeatable 
for other low surface tension solvent such as methanol as well. However sometimes 
we still see QD precipitate over time even if mixing with pH pre-adjusted ethanol or 
methanol, therefore in order to prevent the additional inconsistent variables, we only 
focused on QDSSCs sensitized by aqueous QD suspensions without the addition of 
any ethanol or methanol in this study. 
 
 
 
5.7 Factors that affect the adsrotpion of QD sensitizers: QD size 
Other approach to improve the penetration is by controlling the size of QD to 
be smaller. This has been done by changing different capping molecule to cation 
ratios of QDs. In an attempt to make “rainbow structure solar cell” by infiltrating the 
TiO2 electrode with a combination of different sizes QDs, there is one thing worth 
Figure 5.7: The appearance of CdPbS QDs adsorbed TiO2 photoanodes sensitized 
by soaking in QD suspensions with water to ethanol ratio of 1:1, 1:2, 1:3, and 1:4. 
The pH of the ethanol is pre-adjusted to pH 11 before mixing with QD aqueous 
suspension. 
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noting is that one should soak the substrate in smaller size QD suspension first before 
soaking in larger size QD suspension. Rainbow solar cell soaking with smaller size 
QDs first then larger size QDs latter has better performance than soaking with larger 
size QDs first then smaller size QDs latter, this is because smaller size QDs can 
penetrate deeper thoroughly into TiO2 mesoporous network before larger size QDs 
clogging all the pores at the surface of TiO2 film. The solar cell performance may 
vary and be affected by the thickness and/or pore size of TiO2 mesoporous network 
and the size of infiltrated QDs. From our experimental findings, QDSSCs made by in 
situ direct synthesis (i.e. chemical bath deposition (CBD) method) of QDs without 
MPA capping molecule can have better pore filling. Figure 5.8 show the cross-section 
and surface top-view SEM images of (a)(c) QD-TiO2 layer made by direct synthesis 
method, and (b)(d) plain TiO2 substrate, respectively. From cross-sectional images we 
can see that the pores in smaples made by direct synthesis method have all been filled 
with some cement like stuff indicating the good pore filling. However direct synthesis 
method that soaked in cation and anion precursors at the same time without the use of 
MPA capping molecule precipitated easily, therefore the pH and the concentration of 
the precursors need to be well controlled. SILAR method by soaking cation or anion 
precursor one at a time can prevent the precipitation problem. However without the 
use of MPA capping molecule, the QD size grown by in situ method will not be 
confined and will probably form a continuous NCs film instead of nano-size dots on 
TiO2 surface. Post-synthesis annealing will affect the crystallinity of the continuous 
NCs film and therefore affect the final solar cell performance. In this study we will 
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only focus on QDSSCs made by ex situ infiltration method (soaking the photoanodes 
in post-synthesis QD suspensions) without any post-synthesis annealing applied. 
 
 
 
 
5.8 Band diagram determination: Cyclic voltammetry (CV)  
Band alignment is one important factor that will affect the charge injection 
from QD to TiO2. Unfavorable energy level alignment between TiO2 and QDs in the 
solar cell may hinder the charge transfer and results in poor solar cell performance. 
(a) (b) 
(c) (d) 
Figure 5.8: The cross-section scanning electron micrographs of (a) QD-TiO2 layer 
made by direct synthesis method, and (b) bare TiO2 substrate. The surface top-view 
scanning electron micrographs of (c) QD-TiO2 layer made by direct synthesis 
method, and (d) bare TiO2 substrate. Note that the magnification in each photo is 
slightly different: the scale bar in each photo is (a) 1 μm, (b) 2 μm, (c) 1 μm, and (d) 
200 nm. 
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The way to determine band diagram is by cyclic voltammetry (CV) test. CV test is a 
potentiodynamic electrochemical measurement that using linear sweep voltammetry 
and study the cyclic voltammogram trace of potential sweeping from one direction to 
opposite direction and return to the initial potential (can repeat as many cycles as 
desired). These cycles of ramping show the peak cathodic and anodic current for a 
reversible reaction. The CV test for our study was implemented using GAMRY 
Reference 600 Potentiostat/Galvanostat/ZRA. The experimental setup of the CV test 
consists of working electrode (Pt foil coated with QD sample), counter electrode (Pt 
grid), and reference electrode (Ag probe). To ensure sufficient conductivity between 
the three electrodes, 0.1 M tetraethylammonium tetrafluoroborate (TEATFB) 
electrolyte acetonitrile solution was prepared. Also for reference electrode, a 
reference electrolyte acetonitrile solution consist of 0.01 M silver nitrate (AgNO3) 
and 0.1 M tetraethylammonium perchlorate (TEAP) were used (this composition of 
silver nitrate electrode is called “ANE2”). The calculation of energy level, lowest 
unoccupied molecular orbital (LUMO), of QD sample is by following the calculation 
in literature. [127] First finding the onset potential of reduction (usually the negative 
peak on the left hand side of cyclic voltammogram), take -1.05V as an example, then 
convert reference electrode from ANE2 to SHE (standard hydrogen electrode): -1.05 
V + 0.542 V = -0.508 V. The energy level of SHE related to vacuum level is -4.5 eV, 
[128] therefore the LUMO energy level of the sample is -4.5 eV - (-0.508 V) = -3.992 
eV. The highest occupied molecular orbital (HOMO) is obtained by subtract the 
optical energy band gap (Egopt) from the LUMO energy level, where the optical 
energy band gap is obtained from Egopt (eV) = 1240/λ, where λ denotes UV-Vis 
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absorbance spectrum onset wavelength (unit: nm). For example if the QD onset 
wavelength in UV-Vis absorbance spectrum is 800 nm, then the Egopt = 1240/800 = 
1.55 eV, and therefore we will get HOMO = -3.992 eV (LUMO) – 1.55 eV (Egopt) = -
5.542 eV. Same methodology of getting LUMO first and getting HOMO accordingly 
from subtracting the Egopt has also been used in the literature. [60] Our CdSe QDs 
were measured to have a LUMO level of -3.95 eV, with UV-Vis absorption onset of 
500 nm getting an Egopt of 1240/500 =2.48 eV. Therefore the accordingly HOMO 
level is -6.43 eV. The LUMO level of -3.95 eV of our CdSe QDs is higher than that 
of the TiO2 of -4.2 eV, [83, 129] indicating a favorable charge transport alignment. 
 
5.9 Tandem QDSSCs test by incorporating both CdSe and PbSe QDs 
We studied the QDSSCs sensitized with MPA-CdSe (4:3:1) QDs or MPA-
PbSe (8:2:1) alone, as well as QDSSCs co-sensitized with both MPA-CdSe (4:3:1) 
QDs and MPA-PbSe (8:2:1) QDs together. The sensitization sequences between the 
two QDs were also tested. The reason of making PbSe with MPA:Pb:Se=8:2:1 
instead of 4:3:1 is because the solubility product constant (Ksp=[M+][A−]) of PbSe 
(KspPbSe=1x10−37) is lower than that of CdSe (KspCdSe=4x10−35) under room 
temperature [98] meaning that PbSe is easier to precipitate than CdSe. Therefore 
more capping molecule and less excess cation were used in order to prevent 
aggregation and maintain the colloidal stability of PbSe QDs because PbSe grow 
much faster than CdSe. Six different QDSSC samples were prepared by manipulating 
the deposition sequences of CdSe QDs and PbSe QDs, including: (1) without 
sensitization of any QD (bare TiO2 substrate), (2) with CdSe alone (immerse TiO2 
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substrate in CdSe QD suspension for 24 hrs), (3) with PbSe QD alone (immerse TiO2 
substrate in PbSe QD suspension for 24 hrs), (4) sequentially deposition of CdSe first 
then PbSe later (immerse TiO2 substrate in CdSe QD suspension for 12 hrs, then 
immerse in PbSe QD suspension for another 12 hrs), (5) sequentially deposition of 
PbSe first then CdSe later (immerse TiO2 substrate in PbSe QD suspension for 12 hrs, 
then immerse in CdSe QD suspension for another 12 hrs), and (6) deposited with 
CdSe+PbSe 50/50 (v/v) mixture (immerse TiO2 substrate in a CdSe:PbSe=1:1 QD 
mixture suspension for 24 hrs). The solar cell J-V performances are shown in Figure 
5.9. From Figure 5.9 we found that the best two open circuit voltage (Voc) came from 
CdSe alone and sequentially deposition of PbSe first and then CdSe later, and the best 
two short circuit current (Jsc) came from PbSe alone and CdSe+PbSe 50/50 (v/v) 
mixture. From this test we can clearly see that PbSe can contribute to current while 
CdSe can contribute to voltage. The photocurrent is determined by the number of 
carriers that have been photoexcited and injected from QDs to TiO2. The flow of 
carriers can be annihilated by recombination. The open circuit voltage Voc of solar 
cells is determined by the bias voltage between the outer electrodes where 
recombination matches the photocurrent. Some believe that the Voc is determined by 
the difference between the Fermi level (EF) of the TiO2 and the redox potential of the 
electrolyte. [69, 130, 131] From our studies we found that the Jsc and Voc are strongly 
related to the QDs which were last deposited. If the last depositing QDs contain PbSe, 
the Jsc will be high; while if the last d depositing QDs contain CdSe, the Voc will be 
high. The Jsc, Voc, FF, and Eff numbers of the cells are summarized in Table 5.4. No 
literature has shown is “last deposit QD type effect,” probably because most of the 
117 
 
papers made tandem QDSSCs by incorporating QDs with similar properties. 
Although they incorporated two to three different QDs in their systems, their QDs are 
usually just same type of QDs with different sizes, so the band gaps or the ability to 
generate photocurrent are relatively similar, therefore they were not able to see this 
significant difference that dominated by the type of QDs that were last deposited. [25] 
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Figure 5.9: The current-voltage (J-V) characteristics of (1) bare TiO2 solar cell 
without QD sensitization, (2) CdSe QD sensitized (24hr) solar cell, (3) PbSe QD 
sensitized (24hr) solar cell, (4) CdSe QD (12hr), then PbSe (12hr) sensitized solar 
cell, (5) PbSe QD (12hr), then CdSe (12hr) sensitized solar cell, and (6) CdSe +
PbSe 50/50 (v/v) (24hr) sensitized solar cell. It was found the the QDSSCs J-V 
characteristics are strongly depend on the QDs that were last deposited. 
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5.10 Pb-doped CdSe QD-sensitized solar cells 
By incorporating Pb ions during CdSe QDs synthesis, it is possible to form 
alloy Cd1-xPbxSe QDs. We incorporated CdPbSe QDs with different core Cd/Pb ratios 
into QDSSCs to study how QD doping can affect the solar cell performance. The J-V 
performances of QDSSCs made by low concentration (0.32 mM) MPA-CdPbSe QDs 
(with MPA:(core Cd/Pb)+(excess Cd):Se = 8:(2.66)+(2.33):1 = 8:5:1, synthesis 
procedure following ref [106], and with different core Cd/Pb ratios from 100/0, 
90/10, 80/20, to 70/30) which directly synthesized at 70°C are shown in Figure 5.10 
and summarized in Table 5.5. From Figure 5.10 we found that even with only a small 
amount of Pb doping, the Voc drops from ~0.7V to ~0.6V and slightly increases with 
the amount of doped Pb. However from the absorption spectra (in Figure 3.11e) we 
QD type & 
Infiltration time  
QD 
Concentration I-/I3- Conc. 
 
Voc (V) 
Jsc 
(mA/cm2) 
 
FF 
 
Eff (%) 
Bare TiO2 with no 
sensitized QDs 
N/A 0.125 M 0.30995 0.55201 0.46752 0.07999 
CdSe (4:3:1)  
Soak 24 hr 
1.6 mM 
 
0.125 M 0.66582 0.58704 0.61941 0.24210 
PbSe (8:2:1)  
Soak 24 hr 
1.6 mM 
 
0.125 M 0.50083 1.20595 0.53480 0.32301 
CdSe (4:3:1) Soak 
12 hr, followed by 
PbSe (8:2:1) Soak 
another 12 hr 
1.6 mM 
 
0.125 M 0.50285 1.09591 0.50883 0.28040 
PbSe (8:2:1) Soak 
12 hr, followed by 
CdSe (4:3:1) Soak 
another 12 hr 
1.6 mM 
 
0.125 M 0.62492 0.90632 0.57397 0.32509 
CdSe (4:3:1) + 
PbSe (8:2:1)  
50/50 (v/v) 
mixture Soak24 hr 
1.6 mM 
 
0.125 M 0.59486 1.19820 0.57497 0.40981 
 
Table 5.4: Solar cell performances of QDSSCs sensitized with different QDs and 
with different deposition sequences. The best two performances in each column are 
highlighted in blue. 
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can see that while the core Cd/Pb ratio changes from 100/0 to 90/10, the absorption 
edge only red-shifted a little bit which indicates that the QD band gap did not change 
much (the band gap (eV) is roughly equal to 1240 divided by the absorption onset 
wavelength (nm)), and while the core Cd/Pb ratio changes from 90/10 to 80/20, 70/30 
and 30/70, the absorption edge further red-shifts indicating shift to smaller band gap. 
A possible rationale for this phenomenon is that the doping of Pb ion forms mid-gap 
states like what they found in the Mn-doped QDSSCs case [132]. The extra mid-gap 
states created by Pb-doping will lower the position of Fermi level of TiO2 and 
therefore affects the obtained Voc. On the other hand, the Jsc do increase with the core 
Cd/Pb ratio changing from 90/10 to 80/20, but decrease again when Cd/Pb ratio is 
70/30. This current decrease is probably due to unfavorable band alignment. Higher 
Pb doping ratio will decrease the band gap and make the conduction band of QDs 
lower than that of TiO2. In the Mn-doped QDSSCs paper they also showed that the 
improvement only happens in certain optimal doping ratio. The further doping of Mn 
with higher concentration did not improve the solar cell performance. 
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Figure 5.10: The current-voltage characteristics of MPA-capped CdPbSe QD 
sensitized solar cells with molar ratio MPA:(core Cd/Pb)+(excess Cd):Se = 
8:2.66+2.33:1 = (8:5:1), where the core Cd/Pb ratio had been varied from (100/0), 
(90/10), (80/20), to (70/30). 
QD (MPA:cat:an) 
& (Cd/Pb) ratio  
QD Conc. & 
Synthesis T I-/I3- Conc. 
 
Voc (V) 
Jsc 
(mA/cm2) FF Eff (%) 
CdPbSe (8:5:1) 
(100/0) 
0.32 mM 
80ºC 
0.125 M 0.7008 0.6969 0.5492 0.2682 
CdPbSe (8:5:1) 
(90/10) 
0.32 mM 
80ºC 
0.125 M 0.5889 0.7845 0.4744 0.2192 
CdPbSe (8:5:1) 
(80/20) 
0.32 mM 
80ºC 
0.125 M 0.5968 0.9610 0.4705 0.2698 
CdPbSe (8:5:1) 
(70/30) 
0.32 mM 
80ºC 
0.125 M 0.6148 0.8516 0.5001 0.2619 
 
Table 5.5: Solar cell performances of MPA-CdPbSe QDSSCs made by infiltration 
method. The CdPbSe QDs are all synthesized under 80°C but with a different core 
Cd/Pb ratio from 100/0, 90/10, 80/20, to 70/30. The best results in each column are 
highlighted in blue. 
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5.11 Pb-coated CdSe QD-sensitized solar cells 
By adding 1 molar ratio of Pb precursor into post-synthesized MPA-CdSe (4:3:1) QD 
suspension, Pb coated CdSe QDs (noted as CdSe/1Pb QDs, or so-called Pb-treated 
CdSe QDs, because we are not sure whether it is really a core/shell structure) were 
formed. The untreated and Pb-treated CdSe QDs were then incorporated into 
QDSSCs to study the QD surface modification effect in solar cell performance. The J-
V performances and IPCE of QDSSCs made by CdSe and CdSe/1Pb QDs were 
shown in Figure 5.11a and 5.11b, respectively. From Figure 5.11a, it is exciting to see 
the short-circuit current (Jsc) of the QDSSC made by Pb-treated CdSe QDs can be 
doubled compared to the one made by untreated CdSe QDs.  From the Zeta potential 
study and TEM study from the earlier chapter, we showed that both the Pb-treated 
and untreated CdSe QDs have similar surface charge and size, therefore we can 
exclude the improvement in solar cell performances was due to different QD loading 
within the mesoporous TiO2 network. From Figure 5.11b, it is interesting to observe 
that the efficiency spectral range was broaden from 440 nm to 600 nm after Pb 
treatment in the IPCE result, while the light absorption of the QD suspension 
observed in the UV-Vis data (Figure 4.1c) showing very little change in the 
absorption edge of QDs with and without Pb treatment. Since no spectrum 
broadening was observed in UV-Vis absorption between Pb-treated and untreated 
QDs, we speculated that the broadening in Pb-treated IPCE spectrum may come from 
something that was only generated after Pb-treated QDs react with the electrolyte, 
such as the formation of surface PbI2. Literature has shown the band gap of PbI2 to be 
2.3 eV which is slightly smaller than that of 2.5 eV for our CdSe QDs. [133] The 
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slight band gap difference between PbI2 and CdSe is consistent with the slight 
wavelgnth broadening in the IPCE range. 
 
 
5.12 Pb-coated CdSe QD photodetectors 
In order to prove our assumption that the extra contribution in photocurrent 
was coming from something that only appears after Pb-treated QDs react with the 
electrolyte, we also incorporated untreated and Pb-treated CdSe QDs into 
photodetectors to study the photoresponsivities of surface-modified QDs without the 
presence of electrolyte. Figure 5.12 shows the photocurrent versus voltage plots of the 
devices under 1 sun AM1.5G illumination and in the dark. Using 3V as a reference 
point, we calculated the photoresponsivities (Rph) using equation: Rph= (Ilight - Idark)/P, 
where Ilight and Idark are the photocurrent value under 3V, and P is the illumination 
power. It was found that the photoresponsivity of the photodetector made by Pb-
treated CdSe is 5.11 (µA/W), which is 3 times smaller than that of 14.48 (µA/W) 
obtained from the photodetector made by untreated CdSe. The performance of Pb-
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Figure 5.11: The (a) current-voltage characteristics and (b) incident photon-to-current 
efficiency (IPCE) of the MPA-CdSe (4:3:1) QD sensitized solar cell versus MPA-
CdSe/Pb (4:3:1/1) QD sensitized solar cell. 
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treated photodetector is worst than untreated one, while the performance of Pb-treated 
QDSSC is better than untreated one indicating the electrolyte did play a role in the 
reaction. In photodetector systems, the electrons generated by the QDs serve as 
carriers in the TiO2 bridging gap between two electrodes, which helps the conduction. 
However due to the fact that there are more defect states in Pb-treated CdSe QDs 
compared to untreated CdSe QDs, the generated electrons were trapped by the surface 
defects and therefore the number of carriers provided by the QDs was fewer result in 
a smaller photoresponse (Scheme 5.2). Theoretically surface defects are detrimental 
to solar cell performance as well, however we saw the opposite results therefore 
further studies were carried out to understand the role of electrolyte plays in the 
reaction. 
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Figure 5.12: The current-voltage characteristics of MPA-CdSe (4:3:1) and MPA-
CdSe/Pb (4:3:1/1) QD photodetectors under 1 sun AM1.5G illumination (solid lines) 
and in the dark (dashed lines). 
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5.13 Pb-coated CdSe QDSSCs stability against electrolyte corrosion over time  
In order to gain more knowledge about the role of electrolyte in QDSSCs 
sensitized with QDs with and without Pb coatings, we tried to monitor the stability of 
cells over time of QDSSCs sensitized with no QDs (bare TiO2), CdSe QDs, CdSe/1Pb 
QDs, and CdSe/2Pb QDs and the results are summarized in Figure 5.13, 5.14 and 
Table 5.6. The electrolyte was replenished before each measurement to prevent any 
uncertainty due to electrolyte evaporation. From the result of QDSSCs with bare TiO2, 
we see that the efficiency gradually decrease over time indicating not only metal 
chalcogenide QDs but even TiO2 nanoparticles would be corroded by electrolyte. 
Compared QDSSCs sensitized with CdSe QDs with and without Pb coating, we 
found that the performance of CdSe QDs decrease with time, while the performance 
of CdSe/1Pb increase with time. This phenomenon is even more significant in 
Scheme 5.2: Band alignment of (a) TiO2 and CdSe QDs interface and (b) TiO2 and 
CdSe/1Pb QDs interface in the photodetector. The number of surface defects would 
determine the electron back injection. 
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CdSe/2Pb case that the solar cell performance became better and better over time. 
This indicates that while CdSe suffered from electrolyte corrosion, the Pb-coated 
CdSe not only was not corroded but rather formed something that boosted the solar 
cell performance. It implied that upon contact between electrolyte and Pb-coated QDs, 
a certain compound was formed over time which is favorable for QDSSCs 
performance (with longer time, more compound formed, and the performance is 
better). When there is more Pb on the surface (CdSe/2Pb compared to CdSe/1Pb) 
more such compound was formed and the performance is even better.  We 
hypothesized that the reacted compound is PbI2 due to the reaction of Pb coating and 
the I- ions in the electrolyte. Literature has shown that by coating PbI2 on QDs, the 
solar cell performance is enhanced. [77, 122] One would expect that the reaction 
between electrolyte and untreated CdSe would also form CdI2 on the surface that can 
passivate and protect the CdSe QDs from corrosion by the electrolyte. However, the 
solubility of CdI2 in water is much larger than that of PbI2 (CdI2 = 84.7 g/100 mL 
while PbI2 = 0.0756 g/100 mL, under room temperature [134]). At the moment, we 
cannot find the solubility in acetonitrile and will assume to have similar trend as in 
water. As a result, the formed CdI2 would dissolve back into the solution while the 
formed PbI2 would deposit on the QD surface as passivation layer and protect QDs 
from further electrolyte corrosion.  
To confirm our hypothesis of PbI2 formation, we performed an energy 
dispersive X-ray spectroscopy (EDS) elemental analysis on those 10 min-operated 
QDSSC samples. The TiO2-QD layer was rinsed with DI water first to remove any 
residue electrolyte on the surface before measurement, and the results are shown in 
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Figure 5.15. It was found that even after washing, the Pb-coated samples (either 1Pb 
or 2Pb) can still see Iodine signal at 4.00 keV while the uncoated CdSe shows no 
Iodine signal at all. This indicates that only when there is Pb on the surface, Iodine 
can form compound on QD surface that cannot be washed away. The reaction is 
proposed to be: CdSe/xPb + 2I- →CdSe/xPbI2. On the other hand, the Pb-coated 
samples (either 1Pb or 2Pb) showed stronger signal of Se and Cd peaks at 1.8 and 3.2 
keV, respectively, indicating more CdSe has been preserved from corrosive 
iodide/triiodide electrolyte. Literature has shown that PbI2 layer can not only 
passivate the surface defects to reduce charge recombination but can also protect QDs 
from corrosion of electrolyte. [77]  
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Figure 5.13: The current-voltage (J-V) characteristics of (a) bare TiO2 solar cell 
without QD sensitization, (b) MPA-CdSe (4:3:1) QD sensitized solar cell, (c) MPA-
CdSe/Pb (4:3:1/1) QD sensitized solar cell, and (d) MPA-CdSe/Pb (4:3:1/2) QD 
sensitized solar cell performances over time monitoring from 0 min to 10 min. 
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Figure 5.14: The solar cell efficiency over time monitoring from 0 min to 10 min of 
(a) bare TiO2 solar cell without QD sensitization, (b) MPA-CdSe (4:3:1) QD 
sensitized solar cell, (c) MPA-CdSe/Pb (4:3:1/1) QD sensitized solar cell, and (d) 
MPA-CdSe/Pb (4:3:1/2) QD sensitized solar cell. 
Figure 5.15: The energy-dispersive X-ray spectroscopy (EDS) spectra of 10 min-
operated QDSSC TiO2 layer that sensitized with (a) MPA-CdSe (4:3:1) QDs, (b) 
MPA-CdSe/Pb (4:3:1/1) QDs, and (c) MPA-CdSe/Pb (4:3:1/2) QDs. 
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QD  Time QD Conc I-/I3- Conc. 
 
Voc (V) 
Jsc 
(mA/cm2) FF Eff (%) 
Bare TiO2 
0 min N/A 0.125 M 0.24108 0.39426 0.45694 0.04343 
2 min N/A 0.125 M 0.25208 0.37034 0.44530 0.04157 
4 min N/A 0.125 M 0.25710 0.36129 0.45701 0.04245 
6 min N/A 0.125 M 0.24908 0.34822 0.45525 0.03949 
8 min N/A 0.125 M 0.25008 0.33699 0.46776 0.03942 
10 min N/A 0.125 M 0.24007 0.34125 0.44150 0.03617 
CdSe 
0 min 1.6 mM 0.125 M 0.61447 0.44988 0.33021 0.09128 
2 min 1.6 mM 0.125 M 0.60080 0.40076 0.55133 0.13274 
4 min 1.6 mM 0.125 M 0.49685 0.35040 0.60261 0.10491 
6 min 1.6 mM 0.125 M 0.50280 0.35738 0.56537 0.10159 
8 min 1.6 mM 0.125 M 0.48975 0.34806 0.55763 0.09505 
10 min 1.6 mM 0.125 M 0.49175 0.33872 0.56519 0.09414 
CdSe/1Pb 
0 min 1.6 mM 0.125 M 0.49783 1.27711 0.37731 0.23989 
2 min 1.6 mM 0.125 M 0.51176 1.45266 0.35168 0.26144 
4 min 1.6 mM 0.125 M 0.52485 1.49246 0.35399 0.27729 
6 min 1.6 mM 0.125 M 0.50682 1.53382 0.44388 0.34506 
8 min 1.6 mM 0.125 M 0.51886 1.53092 0.45806 0.36385 
10 min 1.6 mM 0.125 M 0.50085 1.48550 0.49779 0.37037 
CdSe/2Pb 
0 min 1.6 mM 0.125 M 0.59688 1.17378 0.36226 0.25380 
2 min 1.6 mM 0.125 M 0.58783 1.43494 0.35413 0.29871 
4 min 1.6 mM 0.125 M 0.57090 1.49502 0.38373 0.32751 
6 min 1.6 mM 0.125 M 0.57679 1.69148 0.43292 0.42237 
8 min 1.6 mM 0.125 M 0.58887 1.71865 0.51767 0.52391 
10 min 1.6 mM 0.125 M 0.59790 1.88259 0.54299 0.61119 
 
Table 5.6: Solar cell performances of QDSSCs sensitized with (a) no QDs, (b) CdSe 
QDs, (c) CdSe/1Pb QDs, and (d) CdSe/2Pb QDs over time monitoring from 0 min 
to 10 min. The best results in each column are highlighted in blue. 
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5.14 Pb-coated CdSe QDSSCs stability versus electrolyte concentrations 
The finding that the assumed formed PbI2 coating can not only prevent the 
QD from electrolyte corrosion but can also improve the solar cell performance is 
encouraging. We then tried to increase the electrolyte concentration and see if the 
solar cell performance operating under high electrolyte concentrations can be even 
better than operating under low electrolyte concentration. The QDSSCs sensitized 
with no QDs (bare TiO2), CdSe QDs, CdSe/1Pb QDs, and CdSe/2Pb QDs were tested 
with low concentration electrolyte first (0.0625 M) then keep increasing the 
electrolyte concentration from 0.125 M, 0.25 M, 0.5 M, all the way to 1 M, and the 
results are summarized in Figure 5.16, 5.17 and Table 5.7. We found that although 
the solar cell performance of QDSSCs sensitized with CdSe/1Pb and CdSe/2Pb keep 
increasing over time, it cannot fully prevent the QDs from electrolyte corrosion if the 
electrolyte concentration is too high. We found that only when using 0.125 M 
electrolyte gave the best cell performance, further increasing the electrolyte 
concentration to a higher value will lead to QD degradation. Using 1 M electrolyte 
will result in poor solar cell performance because all the QDs were corroded. 
Therefore we can conclude that the electrolyte is still corrosive to the QDs, and only 
when using low electrolyte concentration (0.125 M), then the PbI2 surface layer 
formed upon electrolyte and Pb-coating reaction can have enough protecting layer to 
protect the QDs against the electrolyte corrosion. 0.0625 M electrolyte is too low to 
complete the redox cycle resulted in poor FF value. 
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Figure 5.16: The current-voltage (J-V) characteristics of (a) bare TiO2 solar cell 
without QD sensitization, (b) MPA-CdSe (4:3:1) QD sensitized solar cell, (c) MPA-
CdSe/Pb (4:3:1/1) QD sensitized solar cell, and (d) MPA-CdSe/Pb (4:3:1/2) QD 
sensitized solar cell performances operated with different iodide/triiodide electrolyte 
concentrations from 0.0625 M, 0.125 M, 0.025 M, 0.5 M, to 1M. 
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Figure 5.17: The solar cell efficiencies of (a) bare TiO2 solar cell without QD 
sensitization, (b) MPA-CdSe (4:3:1) QD sensitized solar cell, (c) MPA-CdSe/Pb 
(4:3:1/1) QD sensitized solar cell, and (d) MPA-CdSe/Pb (4:3:1/2) QD sensitized 
solar cell with increasing iodide/triiodide electrolyte concentration used. 
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5.15 Pb-coated CdSe QDSSCs impedance spectroscopy study 
We performed the electrochemical impedance spectroscopy (EIS) studies on 
our QDSSCs to see whether the Pb coating (or presumably PbI2 coating, once the Pb 
coating react with iodide/triiodide electrolyte) will affect the interface resistance. 
QD QD Conc I-/I3- Conc. 
 
Voc (V) 
Jsc 
(mA/cm2) FF Eff (%) 
Bare TiO2 
N/A 0.0625 M 0.25604 0.45360 0.48818 0.05670 
N/A 0.125 M 0.25205 0.43568 0.48610 0.05338 
N/A 0.25 M 0.23305 0.41196 0.47078 0.04520 
N/A 0.5 M 0.21606 0.38738 0.47977 0.04016 
N/A 0.1 M 0.19306 0.31063 0.46434 0.02785 
CdSe 
1.6 mM 0.0625 M 0.42372 0.49866 0.29971 0.06333 
1.6 mM 0.125 M 0.46981 0.39372 0.57701 0.10673 
1.6 mM 0.25 M 0.43279 0.34996 0.57281 0.08676 
1.6 mM 0.5 M 0.38685 0.31664 0.51793 0.06344 
1.6 mM 0.1 M 0.35283 0.26346 0.47951 0.04457 
CdSe/1Pb 
1.6 mM 0.0625 M 0.62184 1.00097 0.24368 0.15168 
1.6 mM 0.125 M 0.59982 1.39908 0.61840 0.51896 
1.6 mM 0.25 M 0.55177 1.01339 0.59185 0.33094 
1.6 mM 0.5 M 0.45991 0.45355 0.57620 0.12019 
1.6 mM 0.1 M 0.41694 0.30184 0.58983 0.07423 
CdSe/2Pb 
1.6 mM 0.0625 M 0.40994 0.70063 0.25046 0.07194 
1.6 mM 0.125 M 0.56588 1.55960 0.60706 0.53579 
1.6 mM 0.25 M 0.47889 1.33274 0.60564 0.38654 
1.6 mM 0.5 M 0.42692 0.53335 0.55203 0.12569 
1.6 mM 0.1 M 0.37603 0.28780 0.55283 0.05983 
 
Table 5.7: Solar cell performances of QDSSCs sensitized with (a) no QDs, (b) CdSe 
QDs, (c) CdSe/1Pb QDs, and (d) CdSe/2Pb QDs operated with different 
iodide/triiodide electrolyte concentrations from 0.0625 M, 0.125 M, 0.025 M, 0.5 
M, to 1M. The best results in each column are highlighted in blue. 
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Electrochemical impedance is a measure of the ability of a circuit to resist the flow of 
electrical current, and is usually measured by applying an AC potential to an 
electrochemical cell and then measuring the sinusoidal current response through the 
cell. The potential and current are frequency dependent, therefore a wide range of 
frequencies were measured. The impedance Z is composed of a real part and an 
imaginary part. If plotting the real part on X axis and the imaginary part on Y axis, 
we can obtain an impedance expression chart called "Nyquist plot."  The Nyquist plot 
usually contains one or several semicircles which each semicircle can represent 
certain RC (resistor and capacitor) circuit design. By fitting the Nyquist plot we are 
able to model the equivalent circuit of our device and understand more about the 
electrochemical reaction in the cell. Our EIS studies were performered with frequency 
range from 0.1 to 1x106 Hz, and the AC voltage was set at their Voc. A model 
proposed by Jun et al. [135] which consists of a series resistance (RS) and two time-
constant RC elements (R1, C1 and R2, C2) (Figure 5.18) were used to fit our Nyquist 
plots. The Rs represents the resistance at the conducting oxide glass (FTO). The 
definition of R1, C1 and R2, C2 are slightly different from literature to literature. 
Generally R1 and C1 represent the resistance and capacitance of the charge transfer 
activity (or charge recombination process) in sensitized TiO2 layer 
(TiO2/sensitizer/electrolyte interface), and R2 and C2 represent the resistance and 
capacitance of the charge transfer activity at the counter electrode and electrolyte 
interface. Figure 5.19 show the fitting of Nyquist plots using Echem Analyst software 
with the proposed equivalent circuits shown in Figure 5.18, and the R1, R2, Rs values 
are summarized in Table 5.8. From Table 5.8 we can see that the charge transfer 
135 
 
resistances at the TiO2/sensitizer/electrolyte interface keep decreasing with increasing 
Pb coating, indicating the presumably formed PbI2 coating on the QD surface may 
decrease the interface resistance.  
 
 
 
 
Figure 5.18: The equivalent circuits used to fit the Nyquist plots in this study. 
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Figure 5.19: The EIS Nyquist plots of (a) bare TiO2 solar cell without QD 
sensitization, (b) MPA-CdSe (4:3:1) QD sensitized solar cell, (c) MPA-CdSe/Pb 
(4:3:1/1) QD sensitized solar cell, and (d) MPA-CdSe/Pb (4:3:1/2) QD sensitized solar 
cell. The red curves indicate the fitting using the proposed equivalent circuits. 
 Bare TiO2 CdSe CdSe/1Pb CdSe/2Pb 
R1 (Ω) 1057 253.5 147.7  81.13 
R2 (Ω) 191.2 61.32 54.08 31.75 
Rs (Ω) 33.58 27.39  33.32 28.52 
 
Table 5.8: The charge transfer resistance at the TiO2/sensitizer/electrolyte interface 
(R1), the charge transfer resistance at the counter electrode interface (R2), and the 
series resistance (Rs) obtained from (Figure 5.16) Nyquist plots equivalent circuits 
fitting. 
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5.16 Proposed mechanism for Pb-coated CdSe QDSSCs  
By varying the amount of Pb precursor added to the post-synthesized CdSe 
QD, we can obtain CdSe/xPb QDs (with molar ratio of MPA:Cd:Se/Pb=4:3:1/x). The 
J-V performances of QDSSCs made by CdSe/xPb QDs were summarized in Figure 
5.20 and Table 5.9. We found that the solar cell performances kept improving with 
increasing Pb coating. We speculate that when the amount of Pb content in the Pb-
containing excess Cd shell increased, it will form more PbI2 on the surface and cover 
the QD surface more completely. This PbI2 layer can passivate the surface states, 
which allows more efficient charge extraction due to increased diffusion length, [122] 
suppress the electrolyte corrosion effect and decrease the charge transport resistance 
at the TiO2/QD/electrolyte interfaces, [77] as well as broaden the spectral range. The 
proposed mechanism of Pb treatment in QDSSCs is schematically illustrated in 
Scheme 5.3. Scheme 5.3a-b shows the formation of CdI2 for untreated CdSe QDs 
once react with iodide electrolyte and the CdI2 will dissolve over time due to high 
solubility. Scheme 5.3c-d shows the the formation of PbI2 for Pb-treated CdSe QDs 
once react with iodide electrolyte and the PbI2 will remain on the surface due to lower 
solubility and can passivate the surface defects. Another possible contribution to the 
better solar cell performance is from the detachment of MPA capping ligands. As we 
mentioned earlier the pH of the iodide/triiodide electrolyte is lower than neutral (pH 
of ~5), the injected low pH electrolyte solution may lead to detachment of MPA and 
result in direct contact between QDs and TiO2 with better charge extraction. On the 
contrary, metal chalcogenide usually has higher solubility under low pH, therefore the 
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addition of low pH electrolyte may lead to QD dissolution, which may count for 
another electrolyte corrosion mechanism. 
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Figure 5.20: The current-voltage characteristics of (1) MPA-CdSe (4:3:1) QD 
sensitized solar cell, (2) MPA-CdSe/Pb (4:3:1/0.3) QD sensitized solar cell, (3) 
MPA-CdSe/Pb (4:3:1/0.6) QD sensitized solar cell, (4) MPA-CdSe/Pb (4:3:1/1) QD 
sensitized solar cell, and (5) MPA-CdSe/Pb (4:3:1/2) QD sensitized solar cell. 
QD  QD Conc. I-/I3- Conc. 
 
Voc (V) 
Jsc 
(mA/cm2) FF Eff (%) 
CdSe 1.6 mM 0.125 M 0.6657 0.5856 0.5959 0.2323 
CdSe/0.3Pb 1.6 mM 0.125 M 0.6048 0.8447 0.5944 0.3037 
CdSe/0.6Pb 1.6 mM 0.125 M 0.6037 1.0186 0.5447 0.3350 
CdSe/1Pb 1.6 mM 0.125 M 0.6518 1.1600 0.5492 0.4153 
CdSe/2Pb 1.6 mM 0.125 M 0.6888 1.2170 0.5578 0.4676 
 
Table 5.9: Solar cell performances of Pb-treated CdSe sensitized QDSSCs with 
(MPA:Cd:Se/Pb) ratio of (4:3:1/0), (4:3:1/0.3), (4:3:1/0.6), (4:3:1/1), and (4:3:1/2). 
The best results in each column are highlighted in blue. 
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5.17 Summary of Pb-modified CdSe QDSSCs  
In conclusion, the main result is that by coating Pb on CdSe QDs, the solar 
cell performance of QDSSC in iodide electrolyte is improved through an in situ 
reaction between the QDs and the electrolyte. Furthermore, we found that there is an 
optimal (Cd/Pb) ratio for achieving highest solar cell efficiency. Further doping will 
not improve the performance because there is a trade-off between the Voc and Jsc. 
Smaller band dap material can absorb a wider range of light and have the potential to 
obtain high Jsc, however on the other hand, the Voc is determined by the energy 
Scheme 5.3: (a) Iodide electrolyte reacts with excess Cd shell on the untreated CdSe QD 
surface; (b) the CdI2 formed will dissolve over time due to high solubility. (c) Iodide 
electrolyte reacts with Pb-containing Cd shell on the Pb-treated CdSe QD surface; (d) the 
PbI2 formed will remain on the QD surface and passivate the surface defects. 
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difference between the Fermi level of the device and the redox potential and thus the 
Fermi level would be lower if a lower band gap absorber is used. We also found that 
the last deposit QDs would dominate the solar cell performance. If the last depositing 
QDs contain PbSe QDs, the Jsc would be higher; while if the last depositing QDs 
contain CdSe QDs, the Voc would be larger. For Pb-coated CdSe QDs, we found that 
the QDSSCs made from Pb-treated CdSe QDs have better stability over time 
compared to QDSSCs made from untreated CdSe QDs. The solar cell performance of 
QDSSCs made from Pb-coated CdSe QDs became even better after 10 min, 
indicating that there is a slow reaction occurring when the Pb coating is in contact 
with iodide/triiodide electrolyte forming a surface passivation/protection layer 
(presumably PbI2 suggested by EDS results) that can passivate surface defects to 
prevent charge recombination, increase carrier diffusion length, as well as help 
protecting QDs against electrolyte corrosion. This PbI2 layer will lead to decrease in 
TiO2/QD/electrolyte interface resistance as well as broadening the absorption 
wavelength. However we did find that although the solar cell performance improved 
at the beginning, it will eventually decrease if it is operated for longer than 10 min. 
This is probably a result from the electrolyte corrosion, because Pb-containing Cd 
shell still has some Cd on the surface and the CdI2 formed would eventually dissolve 
and become pinholes for electrolyte to penetrate through the shell and dissolve the 
core. Overall we found that the QDSSCs performance became better with increasing 
amount of Pb coating, however 2Pb is the maximum value we could try because 
further coating (CdSe/xPb, where x>2) will lead to QD aggregation. 
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6: Summary and Future Work 
 
6.1 Summary of results and conclusions 
Two types of QD modification route have been studied on aqueous CdSe QDs 
to understand the correlation of solar cell performances with the colloidal processing 
on the QDs: (i) band gap engineering to improve light absorption by incorporating Pb 
ions during CdSe QD synthesis and possibly forming Pb-doped alloy QDs, and (ii) 
surface engineering to improve charge transfer by incorporating Pb after CdSe QD 
synthesis and possibly forming Pb-coated core-shell QDs. And finally these two types 
of Pb-modified CdSe QDs were incorporated into QDSSCs for J-V performance 
study. 
In the first modification route, which is Pb-doping, we found that Pb ions can 
hardly be doped into CdSe QDs if synthesized at room temperature. However if 
elevate the synthesis temperature from room temperature to 70°C, a small amount of 
Pb can be doped into CdSe QDs resulting in emission peak red-shift. Post-synthesis 
heat treatment does not promote Pb-doping, but improve the edge-state emission. 
Raising the synthesis temperature can help Pb doping, but at the same time will grow 
the QD size larger. In order to form small size alloy QDs, one would need to 
synthesize them at a low concentration to slow down the growth rate. 
The corresponding QDSSCs performance for the Pb-doped CdSe QDs is that 
Pb doping would provide mid-gap states and decrease the band gap of CdSe. Smaller 
band gap material can absorb more light leading to increasement in Jsc, but at the 
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same time will also decrease the Voc since Voc depends on the energy difference 
between the redox level and the Fermi level of the cell. Therefore an optimal amount 
of Pb doping is required in order to obtain the best QDSSC performance. Further 
doping with more Pb ions will not further improve the solar cell performance.  
From the second modification route, which is Pb-coating, we found that 
adding Pb ions into post-synthesized CdSe QDs can displace some of the surface 
excess Cd ions by partial cation exchange process. This will introduce more defects 
on the surface (which is confirmed by TA measurement) leading to doubling in trap-
state emission intensity as well as quantum yield, and at the same time the absorption 
edge and emission peak blue-shift may result from a slight ion dissolution during 
cation exchange process. The excess Cd ion on the CdSe surface plays an important 
role in the optical response of the Pb-coated CdSe. Without excess Cd, the Pb ion will 
react with the Se in CdSe core forming PbSe and lead to emission quenching.  
Compared to Pb-doped CdSe QDs, the Pb-coated CdSe QDs are superior in 
QDSSC performance because Pb-coated QDs can maintain the band gap of the core 
CdSe and therefore maintain a similar Voc level as CdSe QDs themselves. Also we 
found that adding more Pb will further boost the solar cell performance, or even 
further, the solar cell performance can increase over time with operation. This is 
because the Pb ion on the QD surface can react with the surrounding I-/I3- electrolyte 
and form a compound layer of PbI2 (indicated by EDS study) in-situ during the 
operation. This compound layer can passivate the surface defects as well as protect 
the QDs from corrosion. Therefore although Pb-coated CdSe QDs perform poorly in 
photodetectors due to the surface defects, they actually perform better in the QDSSCs. 
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The passivation layer can decrease the TiO2/QD/electrolyte interface resistance 
(confirmed by EIS study) and can broaden the the operation sptrum range of the cell 
(confirmed by IPCE study). Increasing Pb coating will result in more surface 
coverage by the passivation/proctection PbI2 layer and therefore increase the carrier 
diffusion length as well as protect QDs from electrolyte corrosion. 
 
6.2 Recommended future work 
Our study shows that raising the temperature from RT to 70°C during CdPbSe 
QD synthesis can improve the Pb doping ratio from 0% to about 5%. Whether we can 
push the solubility limit further to greater than 5% can be studied by giving the 
system more energy. For example further raising the synthesis temperature from 70°C 
to 100°C (or even higher than 100°C by heating the water using a hydrothermal bomb) 
or using some other method such as microwave-assisted synthesis. 
EDS study has indicated the presence of Iodidne element on Pb-coated QDs 
surface, however, it is still not a solid evidence that the surface compound formed is a 
PbI2 layer. XRD study or XPS (X-ray photoelectron spectroscopy) study of the QD 
powders after electrolyte reaction is required to compare the patterns with that of pure 
PbI2 in order to make sure the surface compound is indeed PbI2. Also whether the 
PbI2 layer really does help charge transfer can be further studied by TA with and 
without TiO2 layer (or even with or without electrolyte). QDs with pure Pb shell 
(such as pure PbS or PbSe QDs) may result in better performance due to there is no 
Cd on the surface result in CdI2 dissolution pinholes and are worth trying in the future. 
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Finally, in order to apply the band gap engineering and surface engineering 
concepts to other toxic metal (Cd and Pb) free QD systems, a systematic modeling 
and simulation is required in the future because different element has a different size 
and therefore may result in different optoelectronic properties due to different defect 
behaviors.  
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APPENDIX A: LIST OF ABBREVIATIONS 
 
 
a.u. - Arbitrary unit 
AM - Air Mass 
AQD - Aqueous quantum dot 
CB - Conduction band 
CQD - Colloidal quantum dot 
DOS - Density of states 
Eff - Power conversion efficiency 
Eg - Band gap 
EQE - External quantum efficiency 
FF - Fill factor 
h - The Planck constant 
ITO - Indium tin oxide 
IQE - Internal quantum efficiency 
I-V - Current voltage 
Jsc - Short circuit current density 
m* - Reduced effective mass 
me - Electron effective mass 
mh - Hole effective mass 
MPA - 3-mercaptopropionic acid 
NC- Nanocrystal 
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NIR - Near Infrared 
NP - Nanoparticle 
OD - Optical density 
PCE - Power conversion efficiency 
PL - Photoluminescence 
PV - Photovoltaic 
QD - Quantum dot 
QDSSC - Quantum dot-sensitized solar cell 
RT - Room temperature 
TCO - transparent conducting oxide 
UV- Ultraviolet 
VB - Valence band 
Voc - Open circuit voltage 
α - Material absorption coefficient 
Δ - Difference 
ε - Relative dielectric constant 
εo - Vacuum dielectric constant 
θ - Diffraction angle 
λ - Light Wavelength 
ɸ - Quantum yield 
η - Refractive index of the solvent 
ℏ - Reduced Planck's constant 
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